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ABSTRACT 

Empir ical  equat ions a r e  developed t o  eva lua te  the 

c a v i t a t i o n  damage parameters of weight loss, mean depth  of 

pene t r a t ion ,  and percent  damaged area ,  for damage t o  on ly  

t h e  pol i shed  s u r f a c e  and f o r  t h e  e n t i r e  samples a s  t e s t e d  

i n  t h e  ven tu r i  c a v i t a t i o n  damage f a c i l i t y  a t  t h e  Un ive r s i ty  

of Michigan. 

Q u a n t i t a t i v e  r e s u l t s  a r e  presented  of t h e  contour 

of t h e  c a v i t a t i o n  p i t t i n g  produced i n  mercury and compari- 

sons are made between damage produced by water and meroury 

i n  t h e  ven tu r i  damage f a c i l i t y .  

iii 



ACKNOWLEDGMENTS I 
The au thors  wish t o  thank t h e  Micrometrical  Manu- 

f a c t u r i n g  Company of Ann Arbor for t h e  loan of t h e i r  L i n e a r  

P ro f i co rde r ,  and Mr, D a v i d  Calhoun of the i r  company f o r  hi8 

a s s i s t a n c e  i n  i t s  opera t ion ,  

S ince re  thanks a r e  a l s o  extended t o  the U n i v e r s i t y  

of Michigan's Mechanical Engineering Department for the loan 

of t h e i r  m e t a l l u r g i c a l  microscopes, the  Chemical and Metal- 

l u r g i c a l  Engineer ing Department f o r  the loan of their  Re- 

s e a r c h  Metal lographic  camera, and t o  t h e  Department of Naval 

Arch i t ec tu re  and Marine Engineering f o r  t h e  loan of t h e i r  

i n t  egr a t  ing-planimeter . 
Thanks i s  a l s o  given t o  Mr. HOMO Ring, researoh 

a s s i s t a n t  i n  t h e  Nuclear Engineering Department, for h i s  

a s s i s t a n c e  i n  checking t h e  numerical  c a l c u l a t i o n s  i n  t h i s  

r e p o r t .  

1 
I 
1 

i v  



TABLE OF CONTENTS 

Page 

ABST~CTb..00.0.00~..................................o. iil 

A C K N O W L E D G E M E N T S . ~ . . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . . ~ ~ ~ ~ ~ ~ . ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~ ~  iv 

LIST OF FIGUR~OO...O.....O..O...OO......O...O..o..e..e V i f  

LIST OF TAB~S.OO.....O......~.......................o. ix 

N O ~ C L A T U R E e ~ ~ ~ ~ ~ ~ o e e e e e e ~ e e e e ~ e ~ ~ o e e ~ ~ e ~ e ~ ~ ~ ~ ~ ~ ~ ~ o e o ~  X 

1.0 INTRODUCTION.........~e.ee.e...ee.eeo.eeeeee.~o..~ 1 

2.0 DERIVATION OF EQUATIONS.............o.o....o.....a 9 

2.1 Weight L~ss.~,.~~...~.....~.....~~.....~...~. 9 

2.2 Mean Depth of Penetration.,,,...oeo.......... 12 

2.3 Percent Damaged Area.,OObOO.O...O~..oe....... 13 

EXPERIPaJTAL PROCEDURES & RESULTS . . . . . . . . . . . . .. , 15 
3.1 Determination of Kp........,....O........D... 15 
3.2 Determination of K~.............Ob....o.eoe~o 18 

. . 0 . . , . . . . . 0 0 , .  21 3 0 3  Determination of D 

3.4 25 
boo DISCUSSION OF RESULTS. . . . . . e . . e e . . . e . . e . 27 

4.1 Visual and Actual Pit Sizes.~oOOOO..O.O.OO... 27 
4.2 Crater and Ridge Volume....O.O..OO.......,,.. 31 

b03 Material Displacement......................e. 32 
4.4 Damage 34 
4.5 Pit Size Distribution in Mercury. . , . . . . . . . . . 35 
4,6 Comparison of Pitting in Water and Mercury,.. 36 

3 . 0 

R m i  
& D  RMC i 

Determinatfon of KS. . . . . . . . . . . . . . . . . . . . . . , , . . 

50 0 WORKING RELATIONS FROM DERIVED EQUATIONS e 0 39 
5.1 Weight Loss. . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . 39 



TABLE OF CONTENTS(continued) 

Page 

5,2 41  
s 0 3  Percent Damaged A~ea.o..Q.OO...QO..o.,...O..O 42 

6,O SAMPLE CALCULATIONS USING THE DERIVED EQUATIONS... 44 

Mean Depth of Pene t r a t ion ,  , . . . . . . . . , , , , . . 

6 , l  Ca lcu la t ion  of Maximum Values of WL, 

MDP, and PDA. , , , , , , . . , . . , , , . . , , , , , e 44 
6.2 Discussion of Calculations.............,,.... 47 
6 . 3  Discussion of Actual  Weight Loss Curvea,,,... 56 

T o o  CONCLUSIONS...o,,,..oo.o.oooe~..~ooo~.oooo.......~ 59 

8.0 LIST OF R~ER.ENCES~o..o.o~.oo...oo....oo.o.....o.. 62 

9.0 APP~DIX...go.00.0o.ooo.,..,o.ooo...~..o..,....,~. 64 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 

v i  



LIST OF FIGURES 

I 
i 
I 
1 

Figure 

10 

20 

3 .  

4. 
50 
6. 

7 0  

00 

9 0  

10 0 

11. 

12 0 

13 e 

15 0 

16 e 

Schematic drawing of t e s t  f a c i l i t y .  . . . . . . . . . . . . 
C a v i t a t i n g  ven tu r i  t e s t  

Schematic drawing of t e s t  specimen.............. 

Macrograph of t e s t  spec~meno.O.O..o.O.Oooo....o. 

Walsh model of c a v i t a t i o n  p ~ t o 0 . 6 0 . a . . . . . 0 . . . . o .  

Walsh s i m p l i f i e d  model of c a v i t a t i o n  p l tO. . . . . . .  

Schematic drawing of  t h e  pa ths  of  N pro- 

f i c o r d e r  t r a c e s  a t  equal  increments I 

ac ross  a c a v i t a t i o n  piteaOoO.aOO.oOO..O.oo..oooo 

Schematic drawing of  t h e  p r o f i l e  of  t h e  

c a v i t a t i o n  p i t  i n  F igure  7 as shown by 

pro f i co rde r  t r a c e  ioO.O..OeOOOe.o.o.obo.oo.ooooo 

Macrograph of  p ro f i co rde r  t raced  a r e a  1.. .. . .. 
Macrograph of p ro f i co rde r  t r aced  a r e a  2, . . .. . . . . 
Actua l  a r t i f i c i a l  p i t  profile.OOOoO....O...o...o 

Actual  c a v i t a t i o n  p i t  profile.OO..Oa.OO......... 

Opt ica l  f e a t u r e s  of  a m e t a l l u r g i c a l  

microscope and metal lograph camera, . . b o  *.. .. . .. 
Schematic of r e g u l a r  and s idewise  

l i g h t  reflectiono.o...o...o.ooooe..ooo.oao.....o 

Macrograph of a "black spo t "  a r t i f i c i a l  p i t . .  . . . 
Typica l  p ro f i co rde r  t r a c e  of an a r t i f i c i a l  p i t . ,  

Typica l  p ro f i co rde r  t r a c e  of a c a v i t a t i o n  p i t . . ,  

Page 

3 

4 
5 
5 
7 

7 

20 

20 

22 

22 

28 

20 

29 

29 

29 

33 

33 

v i i  



LIST OF FIGURES(. cont inued)  

F i  gur e Page 

18, Schematic drawing of t y p i c a l  a c t u a l  

weight-loss curves for samples t e s t e d  

i n  m e r c u r y o o O O O O O O O O O O O o o o o o o o o o o o o o o o o o o o o o . o o o e  49 

Macrograph showing s m a l l  p f t s  on t h e  

bottom of a l a r g e  shallow c r a t e r ,  , . , ., e . . . .. . . . 5'2 

19, 

20. Macrograph showing sma l l  p i t s  on t h e  

bo t tom of a l a r g e  shallow c r a t e r ,  ,, , . 
Macrograph showing t h e  over-lapping of 

two s i m i l a r  s i z e d  p i t s , O , o O O o O O O e o o o o O o a o o , o o o o o o  54 

, , . , . . . e . e . 52 

21. 

22. Microsection i l l u s t r a t i n g  the f'roundfngt' 

of a samples edge, ,. . , , . . . , , , . . . e . . . . , . 
Macrographs i l l u s t r a t i n g  the l'smudging'' of 

t h e  pol i shed  s u r f a c e  of a t e s t  s p e c ~ m e n . . o e o o o o o .  55 
24. Macrograph of  a ' 'gross" type f a t i g u e  fa i lure . . . . .  57 

e o  e o  . . 54 
23, 

25, Macrograph of  a "gross'' type f a t i g u e  f a i l w e o e o o o  57 

I 
1 
1 
I 
I 
I 
1 
I 
1 
1 
1 
1 
I 
I 
I 
1 
1 
I 
I 

v i i i  



Tab l e  

I 

I1 

I11 

I V  

v 
VI 

V I  I 

A - I  

A - I 1  

A - I 1 1  

A - I V  

A-V 

A-VI 

A - V I 1  

A-VI I I 

LIST OF TABLES 

Page  

WALSH CAVITATION PIT PROFILE PARAMETERS . , . . .. . . . 6 

PIT SIZE CATEGORIESoooo.,o.eoooeoeeeeeeoeeoeee,o 23 

SUMMARY OF RMS & RMC CONSTANTS, , , . . . , . . . , . . , . . . 25 
SUMMARY OF PIT PROFILE P A R A M E T E R ~ e e o o ~ e e e e ~ e e o e e  27 

COMPARISON OF PITTING I N  WATER AND MERCURY..,,.. 37 

SUMMARY OF EMPIRICAL CONSTANTSaooo.oo.ooooo.o... 39 

DENSITY OF TEST SPECIMEN MATERIAIS.............. 40 

I N  APPENDIX 

PROFILE DATA FOR ARTIFICIAL PITS ON 302- 

STAINLESS STEEL, , , , , a , . e e , . .. . . e e . . , 65  
PROFILE DATA FOR CAVITATION PITS ON 302- 

STAINLESS STEEL. . . , . .. . . e . . . . . . . . . . . . . e . 65 
DATA FOR RIDGE & CRATER VOLUMES OF 4 CAVI- 

TATION PITS FROM PROFICORDER TRACES OF 

STAINLESS STEEL SAMPLE #63. e e e , , , , e , , . e e e , e , , . 66 

DETERMINATION OF vL AND K FOR THE 14 
CAVITATION PITS T R A C ~ ~ e e e ~ e e e e e e e e e e e e e ~ e o ~ e o e ~  72 

PIT COUNT DATA FOR RMS & RMC CONSTANTS, . , e . , e . . 73 

EXPANDED DATA FOR Rp/Ls & RMC CONSTANTS , . . , e . . 74 
DETERMINATION OF RMS & RMC CONSTANTS , . , . . , . . . . . 75 
P I T  COUNT DATA TO DETERMINE KS..oOo.oo..oO...... 76 



D : Actual  

Dpo Visua l  

L o Actual  

t a t i o n  

Lp: Visua l  

t a t i o n  

D 'o  Actua l  

NOMENCLATURE 

diameter of p i t  c r a t e r  

diameter of p i t  c r a t e r  

c h a r a c t e r i s t i c  l e n g t h  of i r regular -shaped  o a v i -  

p i t s  

char a c t  e r i s  t i c  l e n g t h  of i r r e g u l a r  -shaped cavi -  

p i t s  

d i s t a n c e  between r i d g e  peaks of' a p i t  

hmo Maximum r i d g e  he ight  

Hm: Maximum c r a t e r  depth  

vR: Ridge volume of a p i t  

vc: C ra t e r  volume of a p i t  

vL: Volume l o s s  per p i t  

: Constant r e l a t i n g  D and Dp 
3 KP 

KS 

K : Constant r e l a t i n g  volume l o s s  of a p i t ,  i a e o ,  vL, t o  D 

: Constant r e l a t i n g  p i t t i n g  r a t e  on s i d e s  of a sample t o  

p i t t i n g  r a t e  on pol i shed  s u r f a c e  

: Root mean cube diameter for each of t h e  4 p i t  a i m  

c a t e g o r i e s ,  i = 1,2,3,4 
DRMCi 

a 

: Root mean square  diameter for each of the 4 p i t  s i z e  
DRMS i 

c a t e g o r i e s ,  i = 1,2,3,4 
2 - 
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NOMENCLATURE( continued ) 

ni: T o t a l  number of p i t s  i n  p i t  s i z e  ca tegory  i on t h e  

pol i shed  s u r f a c e  of a sample, i = 1,2,3,4 

n : T o t a l  number of p i t s  on t h e  pol i shed  s u r f a c e  of a 

4 t e s t  sample, n = n1 + n2 + n3 + n 

ApS: Area of t h e  pol i shed  s u r f a c e  of a t e s t  sample 

: T o t a l  a r e a  of a t e s t  sample exposed t o  o a v i t a t i o n  AT 
p:  D e n s i t y  of t es t  sample matepial 

VL', WL', MDP', PDA': Volume l o s s ,  weight l o s s ,  mean depth 

of' pene t r a t ion ,  and pe rcen t  damaged 

a rea ,  r e s p e c t i v e l y ,  due t o  t h e  damage 

on only t h e  pol i shed  s u r f a c e  of a 

t e s t  sample 

VL, WL, MDP, PDA: Volume l o s s ,  weight l o s s ,  mean depth  of 

p e n e t r a t i o n ,  and  pe rcen t  damaged area, 

r e s p e c t i v e l y ,  f o r  an e n t i r e  t e s t  sample 

x i  



1 . 0  INTRODUCTION 

The primary ob jec t  of t he  work repor ted  i n  t h i s  pa- 

per  was t h e  development of a group of equat ions t o  eva lua te  

such c a v i t a t i o n  damage parameters a s  weight l o s s ,  mean depth 

of  p e n e t r a t i o n ,  and percent  damaged a r e a ,  f o r  samples t e s t e d  

i n  t h e  ven tu r i  c a v i t a t i o n  damage f a c i l i t y  of t h e  Un ive r s i ty  

of Michigan's Nuclear Engineering Department. The equat ions 

were developed i n  such a manner t h a t  they  could be evaluated 

from only a knowledge o f :  

(1) t h e  number and s i z e  of  c a v i t a t i o n  p i t s  
occu r r ing  on t h e  pol ished su r face  o f  a 
t e s t  sample, and 

( 2 )  some cons tan t  terms t o  be  determined 
experimental ly  from i n d i v i d u a l  p i t  
p r o f i l e s ,  p i t  s i z e  d i s t r i b u t i o n s ,  and 
r a t e s  o f  p i t t i n g ,  

A secondary, b u t  very important ob jec t  of t he  work 

repor ted  here in  was t o  ga ther  a s  much information as p o s s i b l e  

about t h e  gene ra l  shape of t h e  c a v i t a t i o n  p i t s  obtained on 

t h e  m a t e r i a l s  t e s t e d  i n  t h e  v e n t u r i  c a v i t a t i o n  damage t e s t  

f a c i  li t y  , 

TEST FACILITY, The t e s t  f a c i l i t y ,  mode of t e s t i n g ,  a n d  

sample geometry have been p rev ious ly  discussed (6Y?)s*e How- 

+$Numbers i n  pa ren thes i s  r e f e r  t o  r e f e r e n c e s  a t  end 
of r e p o r t .  

1 



ever ,  those  d e t a i l s  which a r e  p e r t i n e n t  t o  t h e  p re sen t  re- 

p o r t  a r e  repeated here  f o r  convenience, 

The t e s t  f a c i l i t y  (F igu re  1) c o n s i s t s  of  a c losed  

loop through which the  c a v i t a t i n g  f l u i d  i s  c i r c u l a t e d  b y  a 

c e n t r i f u g a l  pump, The loop inc ludes  a P l e x i g l a s  v e n t u r i  t e s t  

s e c t i o n  (F igu re  2 )  t h a t  has a 60 included angle nozz le  and 

d i f f u s e r ,  separa ted  by  a c y l i n d r i c a l  t h r o a t  of 0 . ~ 1 - i n .  d i a -  

meter and 2.35-in0 l eng th ,  A c a v i t a t i o n  f i e l d  i s  produced 

t h a t  o r i g i n a t e s  a t  t h e  end of t h e  c y l i n d r i c a l  t h r o a t  and 

which can be  caused t o  v i s u a l l y  te rmina te  a t  any p o i n t  a long  

t h e  d i f f u s e r .  S e t  c a v i t a t i o n  condi t ions  ( V i s i b l e  I n i t i a t i o n ,  

Standard,  e t c . ) ,  accord ing  t o  var ious  te rmina t ion  p o i n t s  of 

t h e  c a v i t a t i o n  f i e l d ,  a re  ind ica t ed  on Figure  2. 

Two damage specimens are i n s e r t e d  i n  t h e  c a v i t a -  

t i o n  f i e l d  through t h e  wall of  t h e  v e n t u r i  as shown i n  Fig- 

u r e  2,  

The "pol ished sur face"  of a t e s t  specimen has a very h igh ly  

pol i shed  f i n i s h  of about 2 microinches (rrns), The s i d e s  o f  

a t e s t  specimen have a rougher machined f i n i s h  of about 20 

t o  25 microinches (rms). Although t h e  s i d e s  r e c e i v e  consid- 

e r a b l e  damage, f o r  reasons  of time r equ i r ed ,  d e t a i l e d  obser- 

va t ions  a r e  only  made of t h e  f fpol i shed  surfacet1.  

The sample geometry i s  shown i n  Figures  3 and 4. 

BACKGROUND INFORMATION. The m a t e r i a l  necessary  t o  be- 

g in  the r e s e a r c h  r epor t ed  he re in  was obtained from a previ -  

ous p r o j e c t  r e p o r t  by  Walsh (18). Walsh t r aced  t h e  s u r f a c e  

o f  t h r e e  s t a i n l e s s  s t e e l  samples, which had been t e s t e d  i n  
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Figure 3. Schematic drawing of t e s t  s pe c 1 men. 

Figure 4. Macrograph of t e s t  specimen. The upper 
shadowed surface i s  the polished surface. 
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t h e  c a v i t a t i o n  f a c i l i t y  w i t h  water a s  t he  c a v i t a t i n g  f l u i d ,  

w i t h  a l i n e a r  prof icorder” .  He assumed t h e  shape of  a cav- 

i t a t i o n  p i t  t o  be as shown i n  Figure 5, and f o r  purposes o f  

c a l c u l a t i n g  t h e  weight loss of a sample, he assumed t h e  gen- 

e r a l  shape of Figure 6. From the  p ro f i co rde r  t r a c e s  he tab-  

u l a t ed  t h e  values of H,, h,, D, Dp, d ,  and then est imated 

ha, and Hav. According t o  h i s  r e s u l t s ,  t he  r e l a t i o n s  be- 

tween t h e s e  parameters a r e  b e s t  expressed as  shown i n  

Table I. 

TABLE I 

WAISH C A V I T A T I O N  P I T  PROFILE PARANETERS 

H = (1/13)D m 

%I = OS4 Hm 

With t h e s e  values and t h e  assumed p i t  shape of Fig- 
I 

ure  6, Walsh proceeded t o  c a l c u l a t e  t h e  volume of m a t e r i a l  

above and below t h e  i n i t i a l  su r f ace ,  i n  terms of  D , and then 3 

assumed t h e  volume loss per  p i t  t o  be equal  t o  t h e  d i f f e r e n c e  

between t h e  volume below and above t h e  i n i t i a l  su r f ace .  He 

then obtained t h e  weight loss per p i t  by merely mul t ip ly ing  

t h e  volume loss by t h e  sample dens i ty .  Summing t h e  weight 

losses o f  each p i t  over an e n t i r e  sample then gave t h e  t o t a l  

weight loss of  t h e  sample. Walsh subdivided t h e  p i t s  i n t o  

$:-A l i n e a r  p ro f i co rde r  i s  a mechanical-electronic  
instrument  w’hich provides  a very p r e c i s e ,  permanent, mag- 
n i f i e d  c h a r t  of  t h e  s u r f a c e  contour over which i t  t r a c e s .  
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--- -SURFACE LEVEL 

Figure 5. Walah model of cavitation pit. 

-SURFACE LEVEL -------_ 

Figure 6, Walsh aimplified model of cavitation pit, 
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t h r e e  s i z e  ranges and found an average value of p i t  diameter 

f o r  each range, which then allowed t h e  eva lua t ion  o f  t h e  

weight loss of a sample from t h e  product of  t h e  average p i t  

diameter and number of p i t s  f o r  each p i t  s i z e  range,  

MOTIVATION FOR INVESTIGATION. A discrepancy was found 

between t h e  r e s u l t s  p red ic t ed  by Walsh's equation and a c t -  

u a l  weight loss measurements from an i r r a d i a t e d  t r a c e r  t e s t  
(697917)0 Because o f  th i s  discrepancy and t h e  f a c t  that  

Walshfs work was based on t h e  l imi t ed  amount of damage t e s t  

data a v a i l a b l e  a t  t h a t  time, a more d e t a i l e d  s tudy  was de- 

s i r e a b l e .  It  would a l s o  be  meaningful t o  ob ta in  empi r i ca l  

r e l a t i o n s  f o r  Mean Depth of Pene t r a t ion  ( t o e e ,  volume loss 

per  u n i t  a r e a )  and Percent  Damaged Area of a t e s t  specimen 

i n  a d d i t i o n  t o  a Weight Loss equat ion,  and to  determine 

whether t h e  p i t t i n g  produced when water i s  t h e  c a v i t a t i n g  

f l u i d  ( a s  was t h e  case  for Walshts work) i s  similar t o  t h e  

p i t t i n g  o b t a i n e d  f o r  mercury as the c a v i t a t i n g  f l u i d  (from 

which t h e  ma jo r i ty  o f  t h e  p re sen t  d a t a  i s  drawn). 

t h e s e  reasons ,  t h e  i n v e s t i g a t i o n s  repor ted  he re in  were un- 

For 

d e r t  aken 

I n  t h e  fo l lowing  s e c t i o n s p  t h e  des i r ed  equat ions 

a r e  developed; t h e  experimental  r e s u l t s  a r e  summarized and 

discussed,  and appl ied  t o  determine s u i t a b l e  values  f o r  t h e  

empir ica l  cons t an t s  of t h e  derived equat ions t o  put  them i n t o  

a working form; sample c a l c u l a t i o n s  a r e  made with t h e  equa- 

t i o n s  and some r e s t r i c t i o n s  a r e  placed on t h e i r  use ,  
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2.0  D E R I V A T I O N  OF EQUATIONS 

I n  t h i s  s e c t i o n p  six equat ions w i l l  b e  der ived ,  

three t o  determine t h e  weight loss, mean depth  of  pene t ra -  

t i o n  and percent  damaged a r e a  due t o  damage t o  only  the pol- 

i shed  s u r f a c e  of a c a v i t a t i o n  damage specimen, and  t h r e e  t o  

determine t h e  t o t a l  values  of weight l o s s ,  mean depth  of  

p e n e t r a t i o n ,  a n d  percent  damaged a r e a  of' a damage specimen. 

The primary ob jec t  w i l l  be  t o  develop a l l  s i x  equa- 

t i o n s  i n  such a manner t h a t  they may be evaluated from only  

a knowledge of t h e  number and s i z e  of p i t s  occu r r ing  on t h e  

pol i shed  s u r f a c e  o f  a t e s t  sample. 

2 . 1  Weight Loss 

Consider f i r s t  a s i n g l e  c a v i t a t i o n  p i t ,  w i t h  t h e  

fo l lowing  d e t a i l e d  symbol d e f i n i t i o n s :  

D : Actua l  p i t  diameter as measured a long  
t h e  i n i t i a l  r e f e r e n c e  s u r f a c e  of a sam- 
ple. ,  

Dp: P i t  diameter as seen  v i s u a l l y  t h r u  a m i -  
croscope o r  from a photograph. 

vc: Crater volume of a p i t ,  i .e . ,  volume of  
t h e  p i t  below t h e  i n i t i a l  r e f e r e n c e  sur -  
face .  

vR: Ridge volume of  a p i t ,  i . e . , ,  volume o f  the 
p i t  above t h e  i n i t i a l  r e f e r e n c e  su r face .  

vL: Actual  volume loss per  p i t .  

9 



where Kp i s  a l s o  a cons tan t  t o  be determined experimental ly .  

The volume loss per  p i t  now becomes: 

10 

McHugh ('I' made a d e t a i l e d  s tudy of  a r t i f i c i a l  p i t s  

made with a hardness inden te r ,  and found t h a t  t h e  volume o f  

m a t e r i a l  r a i s e d  above t h e  i n i t i a l  r e f e r e n c e  su r face ,  i . e o ,  

r i d g e  volume, was equal  t o  the  volume of m a t e r i a l  d i sp laced  

f rom below t h e  i n i t i a l  r e f e rence  su r face ,  l e e . ,  c r a t e r  v o l -  

ume, Thus we can conclude t h a t  t h e  m a t e r i a l s  t e s t e d ,  which 

were t h e  same as the c a v i t a t i o n  sample ma te r i a l s ,  a r e  essen- 

t i a l l y  incompressible  under t h i s  type of  deformation. 

a l s o  be concluded t h a t  f o r  c a v i t a t i o n  p i t s ,  i f  t h e r e  i s  an 

It can 

a c t u a l  metal  removal from t h e  samplep i t  must be  equal  t o  t h e  

d i f f e r e n c e  between t h e  c r a t e r  and r i d g e  volumes of' a p i t , i . e . :  

VL = vc - 'R (201-1) 

It i s  assumed t o  s i m p l i f y  the  fo l lowing  d e r i v a t i o n  

t h a t  a l l  c a v i t a t i o n  p i t s  a r e  approximately geometr ica l ly  s i m -  

i l a r .  Thus t h e  volume l o s s  per  p i t  can be  expressed i n  terms 

of t h e  cube of a s i n g l e  c h a r a c t e r i s t i c  dimension, i n  t h i s  

case  t h e  a c t u a l  p i t  diameter,  D. Thus: 
3 

or  v = KD' 
L 

where K i s  a cons tan t  t o  be  determined experimental ly .  

From p a s t  experience,  i t  i s  known that  t h e  p i t  

diameter a s  seen v i s u a l l y  through a mlcroscope, Dp, d i f f e r s  

from t h e  a c t u a l  p i t  diameter,  D(which can be  determined from 

a p ro f i co rde r  t r a c e ) ,  Thus: 

(2.1-2) 

I 
I 
1 
1 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 



I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 
1 
I 
I 
I 
I 
I 
I 
I 

o r  

v = K ( K ~ D ~ )  3 
L 

3 3  v = KKpDp L 

Next, cons ider  n p i t s  on t h e  pol i shed  s u r f a c e  of a 

t e s t  sample. The volume loss due t o  t h e s e  n p i t s  i s :  

o r  (2.1-4) 

The n p i t s  occur r ing  on the  pol i shed  s u r f a c e  of a 

sample are  subdivided a r b i t r a r i l y  i n t o  f o u r  s i z e  c a t e g o r i e s ,  

where the range of each ca tegory  w i l l  be defined i n  s e c t i o n  

f o r  each 3.3. To e l imina te  t h e  n e c e s s i t y  of  computing D 

i n d i v i d u a l  p i t ,  Walsh (I8) suggested t h e  computation of an 

exper imenta l ly  determined r o o t  mean cube ( R M C i )  p i t  diameter 

f o r  each of t h e  four  p i t  s i z e  ca t egor i e s .  Then summation D 

p i  ' 

3 
p i  

can be eva lua ted  from only  a knowledge of t he  number of p i t s ,  

n i ,  i n  each p i t  s i z e  category,, Thus: 

,, Then t h e  above equat ion becomes: - 3  
Let '1 - DRMCi 

n 
n-,  

l D < i = n C  + n C  f n C  + n C  
i=1 1 1  2 2  3 3  4 4  

The volume loss due t o  n p i t s  on t h e  pol i shed  su r -  

f a c e  of a sample thus becomes: 

3 VL' = mp(nlcl+ n2c2-i- n c + n c 3 3  4 4  
S ince  m a t e r i a l  i s  not  on ly  removed from the p o l i s h -  

11 



ed s u r f a c e  of a t e s t  sample, bu t  a l s o  from t h e  s i d e s  of t h e  

sample, t o  determine t h e  t o t a l  volume loss per  sample from 

only a knowledge of t h e  p i t t i n g  on t h e  pol ished s u r f a c e  re= 

q u i r e s  an a d d i t i o n a l  f a c t o r  r e l a t i n g  t h e  i n t e n s i t y  o f  p i t t i n g  

on t h e  s ides  of  a sample t o  tha t  on the  pol i shed  su r face .  

Thus l e t :  

KS be  a cons tan t ,  determined experimental ly ,  
which when mul t ip l i ed  t imes t h e  number of 
p i t s  occur r ing  on t h e  pol i shed  s u r f a c e  of 
a sample gives  t h e  t o t a l  number of  p i t s  
occur r ing  on t h e  e n t i r e  sample. 

The t o t a l  volume l o s s  per  sample thus becomes: 

To obta in  t h e  des i r ed  weight loss equat ions,  i t  i s  

necessary  only t o  mul t ip ly  t h e  volume l o s s  equat ions by t h e  

specimen dens i ty ,  p .  
Thus from equat ion (2.1-5) t h e  weight loss due t o  

t h e  p i t s  occur r ing  on t h e  pol i shed  s u r f a c e  only is:  

WLI = P V L '  

o r  ( 2.1-7) 

Simi la r ly ,  from equat ion (2.1-6) t h e  t o t a l  weight loss of' a 

damaged sample becomes: 
m 

WL =pKK&(nlC1 + n2c2 + n c + n c >. 3 3  4 4  

2,2 Mean Depth of Penet ra t ion  

Equations f o r  t h e  mean depth of pene t r a t ion  ( i . e . ,  

volume l o s s  per  u n i t  a r e a )  cons ider ing  only t h e  pol i shed  
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s u r f a c e  of a t e s t  sample (MDP'), and f o r  an e n t i r e  sample 

(MDP) can be obtained from t h e  volume loss expressions d e -  

veloped i n  t h e  previous sec t ion .  The fo l lowing  symbols a r e  

now defined a 

ApS: Area of t h e  pol ished su r face  of a 

AT 

s t anda rd  damage specimen. 

s u r f a c e  and s i d e s ,  of a damage spec- 
imen. 

: T o t a l  exposed area, i . e . ,  pol ished 

From equat ion (2.1-5), t h e  mean depth  of pene t ra -  

t i o n ,  f o r  damage t o  only the  pol i shed  su r face  of a specimen, 

can b e  obtained by d i v i d i n g  t h e  volume loss, VL: by t h e  area 

of t h e  pol ished sur face :  
1 

MDP' = VL / ApS 

(2.2-1) 3 
P 1 1  3 3  4 4  MDP' = KK ( n  c + n2c2 + n c + n c / 

S i m i l a r l y ,  from equat ion (2.1-6), MDP can be  obta in-  

MDP = VL / AT 

( 2.2-2) 3 mp = mpKs(nlC1 + n2c2 + n3c3 + n c ) / A~ 4 4  

Percent Damaged Area 

The percent  damaged a r e a  of t h e  pol i shed  s u r f a c e  of 

a t e s t  sample (PDA') i s  defined as t h e  summation of the a r e a  

of a l l  t h e  c a v i t a t i o n  p i t s  on t h e  pol i shed  su r face  divided by  

t h e  area of t h e  pol ished sur face .  Thus PDA' i s :  

13 



But from t h e  previous d e r i v a t i o n  of t he  weight 

loss equat ions:  

D = KpDp 

Thus PDA' becomes: 

(201-2) 

To e l imina te  the  n e c e s s i t y  o f  computing each i n -  

pi 
d i v i d u a l  D2 , an experimental  r o o t  mean square (RIB) p i t  d i -  

ameter i s  found f o r  each of  t h e  four  p i t  s i z e  c a t e g o r i e s .  

Then t h e  above equat ion becomes: 2 Let Si = D m i o  

= nlSl + n2s2 + n3s3 + 
i=1 

Thus t h e  percent  damaged 

f a c e  of a t e s t  sample becomes: 

PDA' = 25m$(nlS1 + n2S2 + n3S3 + 

n4s4 

a r e a  of' t h e  pol i shed  s u r -  

The equat ion f o r  t h e  t o t a l  percent  damaged 

(PDA) of a t e s t  specimen can b e  obtained from t h e  l as t  ex- 

p re s s ion  by merely mul t ip ly ing  by t h e  f a c t o r  KS r e l a t i n g  t h e  

wear on t h e  s i d e s  of a sample t o  t h e  wear on t h e  pol i shed  su r -  

f ace ,  and by d i v i d i n g  by t h e  t o t a l  exposed a r e a  AT r a t h e r  than 

t h e  a r e a  of t h e  pol ished s u r f a c e ,  Thus PDA becomes: 

14 

1 
I 
I 
I 
1 
1 
I 
1 
1 
1 
1 
1 
1 
I 
1 
I 
1 
1 
1 



3.0 EXPERIMENTAL PROCEDURES & RESULTS 

The fo l lowing  cons t an t s  of t h e  equat ions der ived 

i n  the preceding s e c t i o n s  were evaluated from the exper i -  

men ta l  da ta  as descr ibed  below: Kp, K, DRMCi, D R E i ,  and KS* 

jO1 Determination of K p  

As prev ious ly  mentioned t h e  apparent ,  v i s u a l  d ia -  

meter of a p i t ,  Dp, a s  seen through a microscope or  from a 

photograph, d i f f e r s  from t h e  a c t u a l  p i t  diameter ,  D, which 

can b e  d e t e r m i n e d  from a p r o f i c o r d e r  t r a c e  of t h e  p i t  pro- 

f i l e ,  This  discrepancy has been observed not  on ly  f o r  cav- 

i t a t i o n  p i t s ,  b u t  a l s o  f o r  a r t i f i c i a l  p i t s  produced by  a 

hardness inden te r .  Thus b o t h  a r t i f i c i a l  a n d  c a v i t a t i o n  p i t s  

were examined t o  determine t h e  r e l a t i o n  between the v i sua l  

and a c t u a l  size of each, 

To determine t h e  r e l a t i o n  between Dp and D f o r  

a r t i f i c i a l  p i t s ,  fou r  hardness i n d e n t e r  p i t s  were made on 

a p i e c e  of annealed a u s t e n i t i c - s t a i n l e s s  s t e e l ( 8 9  Rockwell 

B ha rdness ) ,  Their  diameters  were made t o  correspond rough- 

l y  t o  tha t  of c a v i t a t i o n  p i t s  of t h e  l a r g e s t  p i t  size ca te -  

gory. These " a r t i f i c i a l "  p i t s  were t r aced  wi th  a l i n e a r  

p r o f i c o r d e r  and  photographed. A comparison of the p r o f i -  

corder  t r a c e s  of t h e  fou r  a r t i f i c i a l  p i t s  with t h e i r  photo- 



graphs ind ica t ed  an  average value o f :  

= 1.22D i o e o ,  t h e  v i s u a l l y  determined 
diameter of t h e  a r t i f i c i a l  p i t s  
was 1.22 times t h e  a c t u a l  p i t  
diameter 

DP 

The d a t a  used t o  ob ta in  t h e  r e s u l t s  repor ted  i n  this s e c t i o n  

i s  given i n  Tables A - I  and A - I 1  of t h e  Appendix. 

From t h e  p ro f i co rde r  t r a c e s  of the a r t i f i c i a l  p i t s ,  

t h e  fo l lowing  average values  were a l s o  found: 
1 Dp = 1.02D f e e e ,  t h e  v i s u a l  p i t  diameter 

of t he  a r t i f i c i a l  p i t s  i s  1.02 
times g r e a t e r  than t h e  d i s t a n c e  
between r i d g e  peaks of  t h e  p i t s .  

D = 7.689Hm i , e . ,  t h e  a c t u a l  diameter of t h e  
a r t i f i c i a l  p i t s  is 7.689 times 
g r e a t e r  than t h e i r  maximum depth.  

Hm = 7.397hm i o e o ,  t h e  maximun depth of  t h e  
a r t i f i c i a l  p i t s  i s  7.397 t imes 
g r e a t e r  than t h e i r  maximum r i d g e  
he ight  a 

O f  course,  a l l  c a v i t a t i o n  p i t s  occu r r ing  on t h e  

s u r f a c e  o f  t e s t e d  samples a r e  not  c i r c u l a r  i n  shape. For t h e  

t a b u l a t i o n  of p i t s  according t o  s i z e ,  p i t  count ing t a b l e s  

have been developed which convert  t h e  i r r e g u l a r l y  shaped p i t s  

i n t o  equiva len t  c i r c u l a r  p i t s .  Thus t o  determine a r e l a t i o n  

between t h e  v i s u a l  and a c t u a l  s i z e  of a c a v i t a t i o n  p i t ,  s i n c e  

diameters  were n o t  always a v a i l a b l e ,  i t  was necessary  t o  

choose a c h a r a c t e r i s t i c  l e n g t h  f o r  each p i t  a n d  compare t h i s  

length ,  Lp, on t h e  photograph wi th  t h e  corresponding length ,  

L, from t h e  p ro f i co rde r  t r a c e .  The c h a r a c t e r i s t i c  l e n g t h  

was chosen f o r  each p i t  s o  t h a t  i t  could be i d e n t i f i e d ,  wi th  

c e r t a i n t y ,  on b o t h  t h e  photograph and p ro f i co rde r  t r a c e  of 
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t h e  p i t ,  and s o  t h a t  i t  occurred on t h e  p ro f i co rde r  t r a c e  

from a given p i t  which contained t h e  maximum values  of 

c h a r a c t e r i s t i c  l e n g t h  ( L ) ,  depth ( H m ) ,  and r i d g e  he ight  (hm) . 
An annealed, type 302 s t a i n l e s s  s t e e l ,  c a v i t a t i o n  

damaged sample was t r aced  w i t h  a l i n e a r  p ro f i co rde r  and photo- 

graphed. S i x  t y p i c a l  p i t s  were then examined t o  determine 

t h e  r e l a t i o n  between Lp and Le 

was found: 

The fo l lowing  average value 

= 0,853L i . e . ,  t h e  v i s u a l  c h a r a c t e r i s t i c  
l en  t h  of t h e  c a v i t a t i o n  p i t s  i s  
0.8 9 3 times t h e i r  a c t u a l  charac- 
t e r i s t i c  length*. 

LP 

Thus f o r  t h e  c a v i t a t i o n  damage equat ions der ived i n  t h e  

preceding s e c t i o n s ,  t h e  photographic cons tan t ,  Kp, r e l a t i n g  

t h e  v i s u a l  p i t  size t o  t h e  a c t u a l  p i t  s i z e  i s :  

Kp = 1.172 i . e . #  1/0.853. 

The fo l lowing  values i d e n t i f y i n g  t h e  p r o f i l e  o f  

t h e  c a v i t a t i o n  p i t s  were a l s o  found f r o m  t h e  p r o f i c o r d e r  

t r a c e s  of t h e  s i x  c a v i t a t i o n  p i t s  t raced:  

L = 18.0Hm t o  46.1Hm i e e . 9  t h e  a c t u a l  charac- 
t e r i s t i c  l e n g t h  o f  t h e  
c a v i t a t i o n  p i t s  9s from 
18.0 t o  46.1 t imes a s  
g r e a t  a s  t h e i r  maximum 
depth. 

= 2.5hm t o  69.411113 i . e o ,  t h e  maximum depth 
of  t h e  c a v i t a t i o n  p i t s  i s  
f rom 2 ,s  t o  69.4 times as  
g r e a t  as  t h e i r  maximum 
r i d g e  he ight  e 

Hm 

Since t h e  spread was t o o  l a r g e  t o  v a l i d a t e  t h e  c a l c u l a t i o n  of 

+Note t h a t  while  D = 1.22D f o r  hardness inden te r  
p i t s ,  L = 0.853L f o r  c a v i t a f i o n  p i t s .  This apparent  d i s -  
crepancf i s  discussed i n  Sec t ion  4.1. 



an average, no average value was ca l cu la t ed  f o r  t h e  r a t i o s  o f  

L t o  Hm and Hm t o  hm. A l s o ,  i t  i s  t o  be noted t h a t  f o r  t h e  

c a v i t a t i o n  p i t s ,  t h e  r i d g e  i s  not  symet r i ca l  around the p i t  

c ra te r* ,  a s  for a r t i f i c i a l  p i t s ,  bu t  i n  gene ra l  e x i s t s  only 

p a r t i a l l y  around t h e  c r a t e r ,  and i t  was t h e  maximum value of 

t h i s  p a r t i a l  r i d g e  t h a t  was used as t h e  value of hm. 

3 . 2  Determination of K 

I n  s e c t i o n  2#1, i t  was shown that  t h e  volume loss 

f o r  each c a v i t a t i o n  p i t  i s :  

vL = KKpDp 3 3  (2.1-3) 

I n  t h e  preceding s e c t i o n  i t  was shown t h a t  t h e  

"best"  value for Kp i s :  

Kp = 1.172 

Thus vL becomes: 

3 3  v = K(1.172) Dp L 

I n  s e c t i o n  2.19 i t  was a l s o  shown t h a t  t h e  volume 

loss per  p i t  i s :  

- 'R v = vc L (2.1-1) 

Equating t h e  l a s t  two expressions f o r  vL g ives :  

3 3  = K ( 1 . 1 7 2 )  Dp - 'R V L  = vc 

rtOut of  14 p i t s  examined, t h e  r i d g e  was h ighes t  on 
t h e  downstream s i d e  i n  6 cases ,  highes,t on t h e  upstream s i d e  
i n  3 cases ,  and approximately equal  i n  t h e  remaining 5 cases .  

I 
I 
I 
1 
1 
1 
1 
1 
1 
1 
I 
1 
I 
I 
I 
1 
1 
1 
I 
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or  

o r  

3 3  K = ( v C  - vR) / (1.172) Dp 

(3.2-1) 

Thus t h e  volume l o s s  cons tan t ,  K ,  f o r  any c a v i t a -  

P’ 
t i o n  p i t  can be  evaluated exper imenta l ly  by  determining D 

and vR f o r  t h e  p i t .  The v i s u a l  p i t  diameter ,  Dp, of any v C  
p i t  can be  determined from a photograph o f  t h e  p i t .  P ro f i -  

corder  t r a c e s  taken a t  a known cons tan t  increment ac ross  t h e  

contour of t h e  p i t  can be  used t o  determine t h e  r i d g e  a n d  

c r a t e r  volumes, vR and vc,  of t h e  p i t  by apply ing  t h e  fol low- 

i n g  method: 

Consider f i r s t  Figures  7 and 8. The a reas  a and 
C 

on each p ro f i co rde r  t r a c e  can be  evaluated by us ing  a aR 
planimeter  t o  t r a c e  around t h e  r e s p e c t i v e  a r e a s .  

The volumes can then be  found as follows: 

- - 
C i ,  i+l 

a 

I I a  
ci, i+l 

V 
ci, i+l 

N -1, N 
v - 

vc - 

o r  vc = I 

S i m i l a r l y  : N A N  

i , if1 

a c i ,  i+l 

R = I 2_ a R i , i + l  
1, L 

An annealed, type 302 s t a i n l e s s  s t e e l ,  c a v i t a t i o n  

damaged sample t e s t e d  i n  mercury was t raced  with a l i n e a r  

19 



i 

I 

2 

I 
I 
7- 

I- I 

I 

i +  I 

N- I  

N 

Figure 7. Schematic drawing of the  paths of  N pro- 
f l co rde r  t r a c e s  a t  equal increments I 
across  a c a v i t a t i o n  p i t .  The c i r c l e  rep- 
r e sen t s  the surface a rea  damaged by the 
p i t  . 

INITIAL 
SURFACE 

Figure 8. Schematic drawing of the 
c a v i t a t i o n  p i t  i n  Figure 
prof lcorder  t r ace  i . 
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pro f i eo rde r  ( s e e  Figures  9 and 10)  and 111- t y p i c a l  p i t s  were 

examined by  the above technique t o  determine t h e  volume loss 

p r o p o r t i o n a l i t y  cons t an t ,  K, from equat ion (3*2-1). It  was 

found t h a t  t h e  average value of t h e  volume loss cons tan t  f o r  

t h e  14 p i t s  examined was: 

The d a t a  used t o  ob ta in  t h e  above r e s u l t  can b e  found i n  

Tables A-I11 and A - I V  of t h e  Appendix. 

An average value of vR/vC was a l s o  computed for 

the 4 p i t s  examined and was found t o  be: 

vR / vc = 0.328 i . e . ,  t h e  r i d g e  volume i s  
about one t h i r d  of t h e  vol-  
ume of t h e  c r a t e r  of a typ-  
i c a l  c a v i t a t i o n  p i t ,  

Thus t h e  a c t u a l  average metal  removal for t h e  14 p i t s  exam- 

ined was about two t h i r d s  of t h e  volume of t h e  c r a t e r s  of 

t h e  p i t s .  Of t h e  4 c a v i t a t i o n  p i t s  examined, 3 were ap- 

proximately c i r c u l a r  c r a t e r s  and 11 were  of i r r e g u l a r  con- 

t o u r a  The r i d g e  t o  c r a t e r  volume r a t i o s  f o r  b o t h  types a r e  

o f  t h e  same order  of  magnitude. 

Rmi j 0 3  Determination of DRMCi and D 

For t h e  p r e s e n t  c a v i t a t i o n  t e s t s  us ing  mercury as  

t h e  c a v i t a t i n g  f l u i d ,  p i t s  were observed that var ied i n  s i z e  

from about O . l Z D p ,  m i l s  g10.5. A l l  

p i t s  a r e  t abu la t ed  according t o  t h e i r  

v fous ly  mentioned, i r r e g u l a r l y  shaped 

t o  equ iva len t  c i r c u l a r  p i t s  according 

21 

approximately c i r c u l a r  

diameter ,  and as  pre-  

p i t s  a r e  converted i n -  

t o  t h e  s u r f a c e  a r e a  



Figure 9,  Macrograph of p ro f i co rde r  t raced  a r e a  1. 
S t a i n l e s s  s t e e l  specimen #63. Cavi t a t ion  
t o  nose. Throat veloc i ty-34  fps .  100 hours 
t e s t  d u r a t i o n  i n  mercury. 37.5X. Flow I s  
f rom l e f t  t o  r i g h t .  The a r e a  between the  
scr ibed  l i n e a  was t raced  from l e f t  t o  r i g h t  
a t  0,001 inch  increments ac ross  the specimen. 
The t raced  a r e a  is nea r  the  t r a i l i n g  edge of 
the specimen. 

Figure 10. Macrograph o f  p ro f i co rde r  t raced  a r e a  2.  
Sans a s  Figure 9 ,  except  t raced a r e a  i s  
near the  l ead ing  edge o f  the t e s t  specimen. 
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damaged,  The equ iva len t  diameters a r e  then  t abu la t ed .  To 

f a c i l i t a t e  t he  p i t  count ing  of damaged samples, fou r  p i t  s i z e  

c a t e g o r i e s  were s e l e c t e d  wi th  ranges as shown i n  Table 11. 

TABLE I1 

P I T  SIZE CATEGORIES 

Category S i z e  Range(mi1s) 

0 . 4 @ ~  1.15 
P 1  

1 . 1 5 f D  .= 2.76 
p2 

1 

2 

3 

These c a t e g o r i e s  i nc lude  a l l  observed p i t s  except 

those  w i t h  v i s u a l  p i t  diameters  less than 0.46 m i l s ,  which 

i n  s e c t i o n  6.1, a r e  shown t o  provide a neg leg ib l e  cont r ibu-  

t i o n  t o  weight loss, Thus cons ider ing  these fou r  c a t e g o r i e s :  

i f  n p i t s  occur on the pol i shed  s u r f a c e  of a t e s t  sample, 

and i f  n1 p i t s  can b e  considered t o  b e  i n  p i t  s i z e  ca tegory  

1, and n2, n3, and n4 p i t s  i n  p i t  s i z e  c a t e g o r i e s  2 , 3 ,  and 

4, r e s p e c t i v e l y ,  then n = n1 + n2 + n3 + "4. 
I n  s e c t i o n  2 , l  (Eq,2.1-4), the volume loss due 

t o  n p i t s  occu r r ing  on t h e  pol i shed  s u r f a c e  of a t e s t  Sam- 

p l e  was shown t o  be p r o p o r t i o n a l  t o  t h e  summation of the 

cube of  t h e  v i s u a l  diameters of the n p i t s ,  

mentioned, t o  e l imina te  the n e c e s s i t y  of computing each i n -  

d i v i d u a l  Dpi9 an experimental  r o o t  mean cube (RMC) p i t  

As prev ious ly  

3 

.;;.0.46 m i l s  corresponds t o  1 d i v i s i o n  on the sca l ed  
microscope eyepiece used i n  observ ing  t e s t  samples a 
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diameter f o r  each of  t h e  four  p i t  s i z e  ca t egor i e s  i s  t o  be 

determined. A similar s u b s t i t u t i o n  of an RMS cons t an t  was 

made i n  the d e r i v e d  equat ions f o r  percent  damaged area. 

To determine t h e  RMS and RMC diameters f o r  each 

p i t  s i z e  category,  e i g h t  t y p i c a l  damaged samples were ob- 

served under 100 power magnif icat ion.  The f o u r  p i t  s i z e  

c a t e g o r i e s  were subdivided as shown i n  Table A-V of the Ap- 

pendix, and the t o t a l  number of p i t s  on a l l  eight samples 

i n  each of  these  subd iv i s ions  was determined, The t o t a l  num- 

ber  of p i t s  i n  each subdiv is ion ,  n ' ,  was then mul t ip l i ed  by  

as shown i n  Table A - V I .  The products  of each 2 3 
D Pav and DP,, 
subd iv i s ion ,  n ' D  and n'D3 , were then summed f o r  each 

p i t  s i z e  category,  and divided by  the t o t a l  number of p i t s  

i n  each ca tegory  t o  g ive  t h e  RMS cons t an t  ( S i  = D R M S i )  and 

) as fol lows:  t h e  RMC cons t an t  ( C i  = DRMCi 

Pav Pav 

2 

3 

- c i  - 
c n ;  

an d 

Simi lar  1st 

a n d  

0 333 
DRMCi  = ci 

- 0500 
DRMS i - si 

where i corresponds t o  t h e  four p i t  s i z e  c a t e g o r i e s ,  

The r e s u l t s  summarized i n  Table A - V I 1  i n  t he  Ap- 
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pendix are l i s t e d  below i n  Table I11 f o r  convenience. 

TABLE I11 

SUMMARY OF RMS & RMC CONSTANTS 

I 
1 
I 

I 
I 
I 

3.4 Determination of KS 

The samples used f o r  c a v i t a t i o n  t e s t s  extend i n t o  

the f l u i d  stream a mean d i s t a n c e  of 0,2 inches from t h e  wall 

of  t h e  v e n t u r i  ( see  Figure  2 ) .  

sample ( i . e , ,  f a c e  approximately p a r a l l e l  t o  wal l )  is high- 

l y  polished*, and c o n s t i t u t e s  about 11% of t h e  t o t a l  spec- 

imen area exposed t o  c a v i t a t i o n  ( see  Figures  3 and 4 ) .  The 

s i d e s  o f  a t y p i c a l  sample, which c o n s t i t u t e  the remaining 

89% of  exposed a r e a ,  are no t  po l i shed  and have only  a m a -  

chined finish*”9 upon whfch accu ra t e  p i t  counting, e s p e c i a l -  

l y  of the sma l l e r  p i t s ,  i s  d i f f i c u l t .  For this reason ,  and 

t o  conserve l abor9  only  the polfshed s u r f a c e  of a t e s t  Sam- 

p l e  i s  pi t -counted.  S ince  material  i s  removed n o t  on ly  from 

the pol i shed  su r face ,  b u t  a l s o  from the s ides ,  an express ion  

The end f a c e  of a t y p i c a l  

*Surface roughness u s u a l l y  about 2 microinches ( r m s )  . 
**Surface roughness u s u a l l y  about 20 microinches 

( r m s ) .  
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i s  needed t o  r e l a t e  t h e  damage on t h e  s i d e s  of t h e  sample 

t o  t h a t  on t h e  pol i shed  su r face .  S p e c i f i c a l l y ,  an exper i -  

mental cons t an t ,  Ks, i s  des i r ed  such t h a t  when i t  i s  mul- 

t i p l i e d  times t h e  number of p i t s  occur r ing  on t h e  pol i shed  

s u r f a c e  of a t e s t  sample, t h e  product gives  t h e  t o t a l  num- 

b e r  of p i t s  occu r r ing  on t h e  e n t i r e  sample. 

To determine t h e  des i r ed  cons tan t  KS, s i x  samples 

were observed under 100 power magnif icat ion:  two 'Iwater" 

samples and  fou r  flmercuryfl samples ( i n c l u d i n g  two s p e c l a l  

samples wi th  t h e i r  s i d e s  i n i t i a l l y  p o l i s h e d ) ,  The t o t a l  num- 

ber of p i t s  i n  each s i z e  ca tegory  on b o t h  t h e  pol i shed  sur- 

f a c e  and s i d e s  of t h e  samples was determined. The r e s u l t s  

a r e  summarized i n  Table A-VI11 i n  t h e  Appendix. For a l l  t h e  

samples observed, t h e r e  were on t h e  average 2.601 times as 

many p i t s ,  i n  a l l  fou r  p i t  s i z e  c a t e g o r i e s ,  on t h e  s i d e s  of 

a sample as on t h e  pol ished su r face .  Thus f o r  n p i t s  on t h e  

pol i shed  s u r f a c e  of a sample, t h e r e  a r e  2.601 n p i t s  on t h e  

s i d e s ,  or 2,601 n + n = 3.601 n p i t s  on t h e  e n t i r e  t e s t  sam- 

p l e ,  Thus: 

KS = 3.601 
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4.0 DISCUSSION OF RESULTS 

4.1 Visual  and Actual  P i t  S izes  

A s  p rev ious ly  mentioned, Dp = 1 . 2 2 D  f o r  a r t i f i c i a l  

p i t s  and Lp = 0,853L f o r  c a v i t a t i o n  p i t s ,  

apparent  discrepancy,  consider  the models o f  a r t i f i c i a l  and 

T o  exp la in  t h i s  

c a v i t a t i o n  p i t  contours shown i n  Figures  11 and 12, where 

parameter values t abu la t ed  from p ro f i co rde r  t r a c e s  of t h e  

a r t i f i c i a l  and c a v i t a t i o n  damaged samples w i l l  b e  used 

(Table  I V ) .  

TABLE I V  

SUMMARY OF PIT PROFILE PARAMETERS 

A r t i f i c i a l  P i t  Cav i t a t ion  P i t  

Dp = 1 , 2 2 D  

Dp = 1,02D' 

D = 7.689Hm €$,, = 2.5hm t o  69.4hm 

Lp = 0.853L 

L = 18,0~, to 46,1Hm 

Hm = 7*397h, L = 45% t o  3199.3hm 

D = 56.876hm 

For b o t h  t h e  camera and  microscope used t o  observe 

and photograph c a v i t a t i o n  a n d  a r t i f i c i a l - p i t  samples , the s e t -  

up i s  as shown schemat i ca l ly  i n  F igure  13, i . e e ,  the l i g h t  

source  and  viewer d i r e c t l y  above t h e  observed s u r f a c e ,  Since 
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To r y r  or 
photographic p lo t r  

Light Tran8porr nt 8oYrcr 
rof Io  et or 

Objrctivr 

s p r c i m r n  

Figure 15. Opt ica l  f e a t u r e s  of a 
m e t a l l u r g i c a l  micro- 
scope and me t a l l o g r a p h  
camera. 

POL IS  HE D 
SURFACE 

Fieure 14. Schematic of r e e u l a r  and 
sidewise l i g h t  r e f l e c t i o n .  
( a )  Lieh t  s t r i k i n g  po l i sh -  
e d  su r f ace  is r e f l e c t e d  back 
t o  o b s e r v e r ' s  eye  o r  t o  pho- 
tographic  plate.  ( b )  Light 
t h a t  s t r i k e s  a sloping sur- 
f a c e ( a s  a p i t  c r a t e r )  is re- 
f l e c t e d  s idewise and does  n o t  
r e t u r n  t o  the observer .  Thus 
a p i t  c r a t e r  appears d a r k .  

I t  Figure 15. Macrograph of a black spot"  
a r t i f i c i a l  p i t  12CX. 
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t h e  t e s t e d  samples a r e  h igh ly  pol ished t o  a s u r f a c e  f i n i s h  

of about 2 microinches (rms),  specu la r ,  o r  r e g u l a r ,  r e f l e c -  

t i o n s  can b e  assumed f o r  t h e  l i g h t  s t r i k i n g  t h e  observed sur-  

f ace .  As can be seen from Figure &, when t h e  s l o p e  of t h e  

observed s u r f a c e  dev ia t e s  enough from a h o r i z o n t a l  p o s i t i o n ,  

t h e  l i g h t  w i l l  n o t  be  r e f l e c t e d  back t o  t h e  viewer, 

As seen v i s u a l l y  t h r u  a microscope o r  from a photo- 

graph, a p i t  appears as a "black spo t "  ( s e e  F igure  15) on 

t h e  observed s u r f a c e  w i t h  a white  spo t  near i t s  c e n t e r  (due 

t o  t h e  h o r i z o n t a l  p o r t i o n  of  s u r f a c e  a t  t h e  deepest po in t  of 

t h e  p i t ) ,  

measured t o  the edge of this  "black" r eg ion .  

The v i s u a l l y  determined dimensions of a p i t  a r e  

For t h e  a r t i f i c i a l  p i t ,  as shown i n  F igure  11, 

l i g h t  w i l l  no t  b e  r e f l e c t e d  back t o  t h e  viewer u n t i l  t h e  

s l o p e  of t h e  inne r  p i t  contour becomes e s s e n t i a l l y  ho r i -  

z o n t a l ,  i . e . ,  near  t h e  r i d g e  peaks of t h e  p i t .  Thus t h e  

v i s u a l  diameter of an a r t i f i c i a l  p i t  i s  g r e a t e r  than t h e  ac- 

t u a l  c r a t e r  diameter of t h e  p i t  ( a s  measured a long  t h e  i n i t i a l  

r e f e r e n c e  s u r f a c e )  and i s  approximately t h e  d i s t a n c e  from 

r i d g e  peak t o  r i d g e  peak of t h e  a r t i f i c i a l  p i t ,  o r  1,22 t imes 

t h e  a c t u a l  p i t  diameter f o r  t h e  p i t  geometry shown i n  Figure 

11, i . e . ,  D p  = 1.22D. This theory  i s  s t rengthened by  t h e  

f a c t  t h a t  f o r  t h e  p i t s  examined i t  was found from t h e  p r o f i -  

corder  t r a c e s  t h a t  Dp = 1.02D 

d i s t a n c e  between t h e  r i d g e  peaks of t h e  a r t i f i c i a l  p i t s ,  

1 t 0 or  Dp f D , where D i s  t h e  

Cav i t a t ion  p i t s  a r e  r e l a t i v e l y  much more shallow 

than t h e  a r t i f i c i a l  p i t s  observed, and a l s o  have propor- 
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t i o n a t e l y  much smaller  r i d g e s  ( s e e  Table I V ) ,  which e x i s t ,  

i f  a t  a l l ,  only p a r t i a l l y  around the  p i t  c r a t e r .  The shape 

of  t hese  c a v i t a t i o n  p i t s  explains  the  observed f a c t  t h a t  

t h e i r  v i s u a l  s i z e  i s  less  than t h e i r  a c t u a l  s i z e .  Light  i s  

r e f l e c t e d  back t o  t he  viewer as  soon as  t h e  s lope  of  t h e  p i t  

c r a t e r  becomes small  enough ( s e e  Figure 14). This occurs 

( s e e  F igure  12)  be fo re  t h e  i n i t i a l  re fe rence  su r face  i s  reach- 

ed, s i n c e  genera l ly ,  no r i d g e  e x i s t s  on a t  l e a s t  one s i d e  of  

t h e  p i t  c r a t e r ,  and where one does e x i s t ,  i t  i s  proport ion-  

a t e l y  much smaller  than f o r  t h e  a r t i f i c i a l  p i t s ,  and thus be- 

cause of i t s  smaller  s lope ,  r e f l e c t s  l i g h t  back t o  t h e  viewer 

sooner, i . e . ,  a t  a smaller  diameter, than would an a r t i f i c i a l  

p i t  r i d g e ,  Thus t h e  v i s u a l  s i z e  of  a c a v i t a t i o n  p i t  i s  

s l i g h t l y  smaller  than i t s  a c t u a l  s i z e ,  while t h a t  of  a hard- 

ness- indenter  p i t  i s  s l i g h t l y  l a r g e r ,  

4.2 Crater  and Ridge Volume 

The volume loss p r o p o r t i o n a l i t y  constant  was found 

t o  be K = 7.346 x lom3* 
pendix, t h e  range of c a v i t a t i o n  p i t s  examined was f rom D = P 
1.1 t o  10.3 m i l s ,  For these  p i t s ,  the  r a t i o  of t h e  r i d g e  

As shown i n  Table A-IV of t h e  Ap- 

volume t o  t h e  c r a t e r  volume, vH/vct ranged from 0.069 t o  

0,685, with an average of 0,328. Since McHugh (11) showed 

t h a t  t h e  r a t i o  of r i d g e  volume t o  c r a t e r  volume f o r  an a r t i -  

f i c i a l  p i t  ( n o  metal  removal) was approximately 1.0, i t  can 

b e  concluded t h a t  f o r  a l l  t h e  p i t s  examined (which included 

p i t s  f rom the  e n t i r e  range of p i t  s i z e s  thus f a r  observed i n  



t h e  mercury and water t e s t s ) ,  metal  was a c t u a l l y  removed f rom 

each p i t ,  and  on t h e  aver'age about two t h i r d s  of t h e  c r a t e r  

volume was a c t u a l l y  removed, 

4 . 3  Mate r i a l  Displacement 

McHugh (I1) a l s o  observed, i n  h i s  a r t i f i c i a l  p i t  i n -  

v e s t i g a t i o n s ,  t h a t  v e r t i c a l  displacement of m a t e r i a l  ( p i t  

r i d g e s )  occurred up t o  18 p i t  r a d i i  f rom t h e  cen te r  of t h e  

p i t , ,  Ring and B i s s  ('') found t h a t  l a t e r a l  displacement of 

m a t e r f a l  i n  t h e  r i d g e  of an a r t i f i c i a l  p i t  could be de tec ted  

t o  only 3 t o  4 p i t  r a d i i  from t h e  cen te r  of  t h e  p i t ,  This  

impl ies  t h a t  t h e  mechanism involved i n  t he  formation of an 

a r t i f i c i h l  p f t  causes t h e  "upward" flow of metal  t o  be  g rea t -  

er than t h e  ftoutwardv' F l o w ,  

I n  c o n t r a s t ,  for t h e  c a v i t a t i o n  p i t s  observed, t h e  

author  de tec ted  v e r t i c a l  displacements of m a t e r i a l  only i n  

t h e  range o f  3 t o  5 p i t  r a d i i  from t h e  cen te r  of t h e  p i t s  

( s e e  Figures  16  and 17 f o r  t y p i c a l  p ro f i co rde r  t r a c e s  o f  a r -  

t i f i c i a l  and c a v i t a t i o n  p i t s ) ,  This  may i n d i c a t e  t h a t  t h e  

r a p i d  s t r e s s  r a t e  p re sen t  a t  t h e  formation of  c a v i t a t i o n  p i t s  

does n o t  allow s u f f i c i e n t  time f o r  t h e  metal  t o  flow and be  

d isp laced  from t h e  p i t  c r a t e r ,  thus lead ing  t o  t h e  " t ea r ing t t  

or "splashing" of  metal  f rom t h e  s u r f a c e  of a c a v i t a t i o n  sam- 

p le , ,  Other i n v e s t i g a t o r s  '499y12y4916)  have a l s o  found that  

m a t e r i a l  displacement i s  much less f o r  t h e i r  dynamic t e s t s  

than for t h e  s t a t i c  loading  present  i n  t he  formation of t h e  

a r t i f i c i a l  p i t s  considered by McHugh 0 
(111 
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Figure 16. Typical  p ro f i co rde r  t r a c e  of an  a r t i f i c i a l  p i t .  V e r t i c a l  
s c a l e :  100 microinches/division. Hor izonta l  s ca l e :  0.002”/ 
d iv i s ion .  &X. Notice how f a r  the r idges extend away from 
the p i t  c r a t e r ,  and the approximate s mmetry of the r idges  
about the c r a t e r .  Taken from McHugh( 9 1). 

Figure 17. Typical  p ro f i co rde r  t r a c e  of a c a v i t a t i o n  p i t .  V e r t i c a l  
sca le :  25 rnlcroinches/dlvlslon. Horizontal  s ca l e :  O.OOl”/ 
d i v i s i o n .  bX. Note the smaller and non-symmetrical r i dges  
( la rges t  ridge is on downstream s i d e  of  p i t )  of t h i s  cavl-  
t a t l o n  p i t  as compared t o  the a r t i f i c i a l  p i t  i l l u s t r a t e d  i n  
Figure 16. 
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The exact  mechanism involved i n  t h e  formation of 

c a v i t a t i o n  p i t s  and t h e  removal of m a t e r i a l  t h e r e  from i s  

not  p r e s e n t l y  known, b u t  t h e  fo l lowing  a r e  p o s s i b l e  t h e o r i e s  

which have been considered i n  t h e  l i t e r a t u r e :  

(1) Metal removal from a s i n g l e  bubble c o l l a p s e  
because o f :  
i )  high  shear  s t r e s s  due t o  high f l u i d  veloc- 

i t y  p a r a l l e l  t o  m t 1 su~oface  from an i m -  
p inging f l u i d  Jet?3? due t o  b b b l e  co l -  
l a p s l n g  on t h e  metal s u r f a c e  t13Y* 

impact area,. P e s u l t i n g  i n  metal  "splash" P I  2 
11) h igh  displacement v e l o c i t y  of metal a rou  d 

due t o  a bubb 'e  o l l a p s e  eaus in  an imping- 
i n g  f l u i d  3etit137 o r  shock wavefSpl0) l o a d -  
i n g  of  the metal  su r f ace ,  

( 2 )  Rep a ted  shock wave ( S p l O )  o r  impinging f l u i d  
jetY13) locidlng of  metal  su r f ace ,  due t o  col- 
l a p s e  o f  numtwous bubbles ,  r e s u l t i n g  i n  s l a b  

4.4 Damage Rates 

I n  s e c t i o n  3.k9 t h e  cons tan t  KS9 used t o  account 

f o r  damage on t h e  s i d e s  cF t e s t  samples, was shown t o  b e  

3.601, i o e o p  therJe ape on the average about 2,6 times as 

many p i t s  on t h e  s i d e s  of a t e s t  sample as on t h e  polished 

s u r f a c e .  Since t h e  a rea  o f  t h e  s i d e s  of a s tandard  t e s t  sam- 

p l e  i s  8,O4 times t h a t  sf the  pol ished s u r f a c e s  t h e  ' ! p i t t i ng  

r a t e "  on the s i d e s  ( p e r  u n i t  a r e a )  i s  only  about 1/3, i e e e 9  

2.601 / 8,04 = 0.324y of t h e  s t p i t t i n g  r a t e "  on t h e  pol i shed  

a u r  f ac  e e 

Two s t a n d a r d  samples ( s u r f a c e  Poughness of  s i d e s  a- 

bout 20 microinches! were tes ted  i n  mercury f o r  5 0  hours with 
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a t o t a l  measured weight loss of  4 ,27  mg, 

pared samples were pol ished on t h e i r  s i d e s  as  w e l l  as  on 

t h e i r  u s u a l l y  pol ished s u r f a c e  ( s u r f a c e  roughness about 2 

microinches) and were a l s o  t e s t e d  f o r  50 hours under t h e  

same f l o w  condi t ions  a s  t h e  s tandard  samples mentioned a- 

bove. They exhib i ted  a t o t a l  measured weight loss of 5.46 
mg. This impl ies  t h a t  t h e  rougher f i n i s h  of  t h e  s i d e s  of 

s tandard  t e s t  samples would reduce t h e  " p i t t i n g  r a t e "  on t h e  

s i d e s  t o  about 3/b9 ice., 4.27 / 5.46 = 0,782, of t h a t  on 

t h e  pol i shed  s u r f a c e  if t h e  s i d e s  and pol i shed  s u r f a c e  were 

exposed t o  t h e  same f low cond i t ions ,  This a lone  does not  

expla in  t h e  2/3 r educ t ion  i n  " p i t t i n g  r a t e "  on t h e  s i d e s  r e -  

ported above for s tandard  specimens, Thus i t  appears  t h a t  

t h e r e  a r e  o the r  f a c t o r s  involved, probably due t o  t h e  d i f -  

f e r e n t  flow condi t ions  t o  which t h e  s i d e s  a r e  exposed. 

Two s p e c i a l l y  pre-  

4.5 P i t  S i z e  D i s t r i b u t i o n  i n  Mercury 

To determine t h e  RMS and RMC cons tan t s ,  t h e  e n t i r e  

po l i shed  su r face ,  of e i g h t  samples t e s t e d  i n  mercury, was 

observed, The t o t a l  number of p i t s  on a l l  t h e  samples i s  

t abu la t ed  i n  Table A-V of  t h e  Appendix, It i s  noted t h a t  

t h e r e  were about 10 times a s  many p i t s  i n  t h e  s m a l l e s t  s i z e  

ca tegory  (1) a s  i n  a l l  t h e  o the r  c a t e g o r i e s  combined, This 

may i n d i c a t e  t h a t  t h e  p i t s  i n  ca tegory  1 a r e  those  due t o  

t h e  c o l l a p s e  of  very l a r g e  ( o r  a t  l e a s t  e n e r g e t i c )  i n d i v i d -  

u a l  bubbles ,  whereas t h e  larger p i t s  ( e s p e c i a l l y  those  few 

i n  ca tegory  4) a r e  due t o  a f a t igue - type  f a i l u r e  from t h e  
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c o l l a p s e  of  very many smal le r  ( o r  less e n e r g e t i c )  bubbles 

near one l o c a t i o n  on t h e  s u r f a c e  of a t e s t  sample, 

4 6 6  Comparison of P i t t i n g  i n  Water and Mercury 

Seve ra l  i n t e r e s t f n g  observa t ions  can be  made f r o m  

Table A - V I 1 1  of t h e  Appendix, F i r s t  no te  that t h e r e  were 

more than twice as many p i t s  i n  t h e  sma l l e s t  ca tegory  1, on 

t h e  mercury samples than on t h e  water sampless even though 

t h e  water samples were t e s t e d  1s times a s  long ( a t  t h e  same 

flow and c a v i t a t f o n  c o n d i t i o n ) ,  This t o o  may i n d i c a t e  that  

t h e  p i t s  i n  ca tegory  1 for samples t e s t e d  i n  mercury are due 

t o  t h e  c o l l a p s e  of very l a rge ,  o r  ene rge t i c ,  i n d i v i d u a l  bub- 

b l e s  ( s i n c e  t h e  p i t s  g e n e r a l l y  appeal! as  c i r c u l a r  c r a t e r s ) ,  

whereas i n  water ,  even t h e  very l a r g e  bubbles do no t  o f t e n  

produce enough energy (as do t h e  mercury bubbles)  t o  remove 

even small p ieaes  of  metal i n  a s i n g l e  blow, Thus i t  i s  

implied tha t  most of t h e  damage t o  samples t e s t e d  i n  water 

and i n  c a t e g o r i e s  2,3 and 4 f o r  samples t e s t e d  i n  mercury, 

is due t o  f a t i g u e  f a i l u r e s  (because of t h e i r  g e n e r a l l y  ir- 

regulas' contours )  f rom t h e  repea ted  blows of many c o l l a p s i n g  

bubbles,  thus producing t h e  l a r g e r  p i t s  observed i n  b o t h  

water and mercury t e s t s .  

Consider Table V, which is a condensed forpm of 

Table A - V I I I ,  f o r  f u r t h e r  c l a r i f i c a t i o n  of t h e  above. Here 

a l i n e a r  e x t r a p o l a t i o n  of  t h e  r a t i o  of  " p i t s  on mercury sam- 

p l e s  t o  p i t s  on water samples" has been made f o r  equal  t e s t  

du ra t ions  , 
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TABLE V 

COMPARISON OF PITTING I N  WATER AND MERCURY 

Hg/H20 ( H@;/H20 * P i t  S i z e  Duration T o t a l  P i t s  
Category Hg H20 Hg H20 

1 10 150 5100 2340 2.18 32.7 

2 100 150 757 433 1.75 2.6 

3 100 150 216 135 1.60 2.4 

4 100 150 164 103 1.59 2.4 

Note t ha t  for p i t  s i z e  c a t e g o r i e s  2 ,3  and 4 (most 

of t h e  p i t s  i n  t h e s e  c a t e g o r i e s  i n  b o t h  mercury and water 

a r e  hypothesized t o  be  due t o  f a t i g u e  f a i l u r e s ) ,  t h e  ex t rap-  

o l a t e d  r a t i o  of  " p i t s  on mercury samples t o  p i t s  on water 

samples" remains e s s e n t i a l l y  cons t an t ,  b u t  t h e  p i t t i n g  r a t e  

f o r  mercury i s  about 2* times g r e a t e r  than f o r  water.  How- 

ever ,  f o r  p i t  s i z e  ca tegory  l, t h e  r a t i o  i s  much l a r g e r  and 

i s  about 32*7. Thus many more p i t s  i n  ca tegory  1 a r e  formed 

i n  mercury than i n  water ,  which may i n d i c a t e  t h a t  t h e s e  p i t s  

a r e  mostly due t o  a s i n g l e  bubble c o l l a p s e  i n  mercury and 

many bubble c o l l a p s e s  ( f a t i g u e  f a i l u r e s )  i n  water.  

It i s  a l s o  noted f rom Table A - V I I I ,  that  t h e  s i d e s  

t o  pol i shed  s u r f a c e  average p i t t i n g  r a t i o ,  for water and mer- 

cury combined, var ied  only  between 2.45 and 2.79 f o r  a l l  fou r  

p i t  s i z e  c a t e g o r i e s ,  even though oppos i t e  t r e n d s  e x i s t  i n  

water and mercury s i n c e  t h e  r a t i o  of  p i t s  on s i d e s  t o  p i t s  on 

*Linear e x t r a p o l a t i o n  t o  equal  t e s t  du ra t ions  of 
150 hours . 

37 



polished s u r f a c e  (1) tends t o  decrease a s  p i t  s i z e  i n c r e a s e s  

for mercury t e s t e d  samples, and (2)  tends t o  i n c r e a s e  as p i t  

s i z e  i n c r e a s e s  for water t e s t e d  samples. This i s  probably 

due t o  t h e  d i f f e r e n t  flow condi t ions  t o  which t h e  s i d e s  a r e  

exposed t o  i n  t h e  two f l u i d s  (water  and mercury). 
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5.0 WORKING RELATIONS FROM DERIVED EQUATIONS 

I n  t h i s  s e c t i o n ,  t he  equat ions der ived i n  s e c t i o n  

2 w i l l  b e  expanded i n t o  working r e l a t i o n s  by  s u b s t i t u t i o n  of 

t he  empi r i ca l  cons tan ts  (Table  V I )  determined i n  s e c t i o n  3. 

I n  t h e  p r e s e n t  damage t e s t s ,  samples of a u s t e n i t i c  s t a i n l e s s  

and  m i l d  carbon s t e e l ,  P l e x i g l a s ,  and of a columbium-1% z i r -  

conium a l l o y  were tes ted .  Thus where sample d e n s i t y  enters  

i n t o  one of t he  der ived equat ions,  s u i t a b l e  equat ions w i l l  

b e  formed f o r  each s e p a r a t e  material. 

TABLE V I  

SUMMARY OF EMPIRICAL CONSTANTS 

3 2 = 0,5216 m i l s  SI = 0,6480 m i l s  KP = 1.172 
3 2 C2 = 6.0363 m i l s  S2 = 3.1525 m i l s  KS = 3.601 
3 -3 C, = 71.1547 mils S, = 16.4799 m i l s 2  K = 7.346 x 10 

c1 

5.1 _Weight Loss 

I n  s e c t i o n  2.1, t he  weight loss due t o  the p i t s  on 

only  the  pol ished s u r f a c e  of a damage specimen was shown t o  

be: 
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The d e n s i t i e s  of t h e  mater ia l s  t e s t e d  a r e  given i n  Table V I I .  

TABLE V I 1  

DENSITY OF TEST SPECIMEN MATERIALS 

Mater ia l  Br  ams/c c jp ams/mi l3 

S t a i n l e s s  steel(Type 302)  7.85 1.285 10-7 

1010 Carbon s t e e l  7.85 1.285 10-7 

Plexig las  1 ,23  0.202 10-7 

Co lumb ium- 1% Zirconium 8.72 1,429 x 

Thus t h e  r e spec t ive  weight l o s s e s  due t o  p i t t i n g  of 
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The t o t a l  weight loss equations f o r  each ma te r i a l  

can be obtained from equation (2.1-8) ,  which i s  merely the  

f a c t o r  KS ( t o  account f o r  damage t o  t h e  s i d e s  of  a t e s t  sam- 

p l e )  times the  weight l o s s  due t o  p i t t i n g  t o  only the  pol-  

ished s u r f a c e  of a damage specimen, or: 

wLss y cs = KswLk,cs 
Thus : 

wLss, cs = (3.601) (15.1959 x 10-l') ( .S216nl+ 

+ 6.0363n2 + 7L1547n3 + 334.4513n4) 

-10 
Or wLss , cs = 54,7204 x 10 (.5'216n1 + 6.0363n2+ 

+71.1547n3 + 334.4513n4) grams (5.1-2a) 

S i  m i  l a r  ly : 
-10 wLPlex = 8,6021 x 10 (.5216nl + 6.0363n2+ 

+ 71.1547n3 + 334.4513~1~) grams (5.1-2b) 

= 60.8526 x 10 -10 ( .5216nl + 6.0363n2+ 
WLCb - 1 Z r  and 

5.2 Mean Depth of Penet ra t ion  

I n  s e c t i o n  2.2, t he  mean depth of pene t r a t ion ,  due 

t o  p i t t i n g  of only the  pol ished su r face  of a t e s t  sample, 

was shown t o  be: 

(2.2-1) 3 
MDP' = KKp(nlC1 + n2c2 + n3c3 + n4c4) / 

9 4 2 where: ApS = 0.0372 i n ?  = 3.72 x 10 m i l s  and t h e  o the r  

*From L.L. Barinka memo t o  U-M P ro jec t  03424 F i l e ,  
November 1961 . 
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cons tan t s  are as p rev ious ly  l i s t e d  i n  Table V I .  

MDP thus becomes: 
1 

o r  MDP' = 3.1789 x .5216nl + 6.0363n2+ 

(5.2-1) 

From equat ion (2.2-2), the mean depth of pene t ra -  

t i o n  f o r  an e n t i r e  t e s t  sample can be obtained as fol lows:  

(2.2-2) 3 
MDP = KKpKs(nlC1 + n2C2 + n C + n C ) / AT 3 3  4 4  

2 5 2 = 0.3362 i n ,  = 3.362 x 10 m i l s  , and the o t h e r  
AT where: 

cons tan t s  a r e  as p rev ious ly  l i s t e d  i n  Table V I .  

5.3 Percent Damaged Area 

I n  s e c t i o n  2.3, the  percent  damaged a r e a  due t o  

t h e  p i t s  on only  t h e  pol i shed  s u r f a c e  of a t e s t  sample was 

shown t o  be: 

A l l  cons tan t s  have p rev ious ly  been l i s t e d  i n  t h i s  

s e c t i o n ,  thus PDA' becomes : 
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2 
PDA' = 2 5 n ( l . 1 7 2 )  1.6480n1 + 3.1525n2+ 

4 + 16.4799n3 + 46.6233n ) / 3.72 x 10 4 
o r  PDA' = 29.0006 x .6480n1 + 3.15251 + 2 

+16.4799n + 46.623311~) % 
3 

The t o t a l  percent  damaged area of a t e s t  specimen 

is given by equation (2.3-2): 

A l l  constants  have previous ly  been l i s t e d  i n  t h i s  

s e c t i o n ,  thus PDA becomes: 

+16.4799n3 + 46.6233n ) / 3.362 x 10' 4 
-4 o r  PDA = 11.5551 x 10 (.6480nl + 3.1525n2+ 

+ 16.4799n3 + 46.623311~) % (503-2) 
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6.0 SAMPLE CALCULATIONS U S I N G  THE DERIVED EQUATIONS 

I n  t h i s  s e c t i o n  some numerical  s u b s t i t u t i o n s  w i l l  

b e  made i n t o  t he  p rev ious ly  der ived equat ions t o  determine 

whether any r e s t r i c t i o n s  s h o u l d  be  placed on t h e i r  use. The 

fo l lowing  t h r e e  equat ions w i l l  be considered 

MDP = 1,2666 x lo-'( .5216nl + 6.0363n2 + 

PDA = 11.5551 x loo4( .6480n1 + 3.1525n2 + 

6,l Calcula t ion  of' Maximum Values of WL, MDP, and PDA 

The maximum weight l o s s  of a damaged sample w i l l  be  

approximated by cons ider ing  each p i t  s i z e  ca t ego ty  i n d i v i d -  

u a l l y ,  

The t o t a l  sample weight loss  due t o  one p i t  on t h e  

pol i shed  s u r f a c e  i n  t h e  sma l l e s t  p i t  s i z e  ca tegory  i s  given 

by t h e  f i rs t  term of  equat ion (5.1-2a) .  

-10 w l  = 28.5425 x 10 grams 
1 
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The percent  damaged a rea  due t o  n1 1 i s :  

pdal = 

A f t e r  observing many heav i ly  damaged specimens, 

p a r t i c u l a r l y  i n  t h e  mercury t e s t s ,  i t  i s  est imated t h a t  t h e  

maximum percent  damaged a r e a  due t o  p i t s  i n  p i t  s i z e  c a t e -  

gory 1 i s  about 90%. Thus t h e  maximum con t r ibu t ion  of  t h e  

s m a l l e s t  p i t  s i z e  ca tegory  t o  t h e  t o t a l  sample weight l o s s  

i s  (assuming t h a t  on ly  a s i n g l e  l aye r  of p i t s  i s  p r e s e n t ) :  

where: n = 90% / 7.4877 x loo4$ = 120,197 p i t s  1 
WL1 = 28,5425 x 120,197) 

d 

WL1 E 34.3073 x lo-’ grams 

Note t h a t  s i n c e  t h e  RMC cons tan t  f o r  p i t s  w i th  

0.1-=Dp<0.46 m i l s  would be  about 1/25 the  RMC cons tan t  for 

ca tegory  1, and s i n c e  t h e  number of p i t s  of t h i s  s i z e  i s  

u s u a l l y  l ess  than 300, t h e i r  con t r ibu t ion  t o  t h e  weight loss 

i s  n e g l i g i b l e .  

A cons idera t ion  of a l l  t h e  a v a i l a b l e  p i t  count 

t a b u l a t i o n s  of damaged specimens i n d i c a t e s  t h a t  t h e  maximum 

number of p i t s  i n  p i t  s i z e  ca t egor i e s  2 ,3 ,  and 4 are:  

n2 = 200 , n3 = 30 , n4 10 

Thus t h e  con t r ibu t ion  t o  t h e  t o t a l  weight loss of 
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each of  t hese  p i t  s i z e  ca t egor i e s  i s :  

-10 
L2 = 54.7204 x 10 [6.0363(200)] 

W L ~  = 0,6606 x lom5 grams 

= 0,0066 mg. wL2 

WL = 1,1681 x lo-’ grams 

WL = 0,0117 mg. 
3 

3 

= 54.7204 x l O S l o  [334.4513(10)] 

= 1.8301 x i o  grams -5 wL4 
w% 
W\ 1= 0.0183 mg. 

Summing t h e  con t r ibu t ions  of t h e  fou r  p i t  s i z e  

c a t e g o r i e s  gives  an approximation of t h e  maximum t o t a l  weight 

loss of a damaged sample, which can be c a l c u l a t e d  from t h e  

der ived equat ions wi th in  t h e i r  l i m i t  of  a p p l i c a b i l i t y ,  

= WL1 + WL* + WL3 + wL4 
wLssmax 

= 0.3431 + 0.0066 + 0.0117 + 0.0183 
wLssmax 

The maximum mean depth of pene t r a t ion  corresponding 

t o  t h i s  maximum weight loss of 0.3797 mg. i s  given by equa- 

t i o n  (5 .2 -2 ) ,  where t h e  n i t s  a r e  as  above: 
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= 1.2666 x 10'7(6,2695 + 0.1207 + MDpmax 

= 1.2666 x 1Om3(6.9382) m i l s  *',ax 

= 8.7879 x m i  Is mPmax 

o r  mpmax = 8.7879 microinches 

The maximum percent  damaged a r e a  of a t e s t  specimen 

f o r  t h e  n i t s  assumed above i s  given by equat ion (5*3-2) .  

PDAmax = 11.5551 x 10-4(7,7888 i- 0.0631 + 0.0494+ 

+0.0466) x lo4 % 

'%ax = 11.5551 x 7.9479 % 

6.2 Discussion of Calcu la t ions  

From t h e  above rough numerical  c a l c u l a t i o n s ,  we 

found t h a t :  

= 0.38 m g ,  

= 8,8 microinches 
wLssmax 

MDPmax 
PDAmax = 91.8 % 

I n  s e c t i o n  6.1, PDA was assumed t o  be  l a r g e  t o  ob- 

t a i n  maximum values f o r  t h e  above damage parameters.  For 

a c t u a l  damaged samples, t h e  percent  damaged a r e a ,  as approx- 
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imated by observing t h e  samples under high magnif icat ion,  ap- 

pears t o  range between 20 and almost 100%. 

The maxinum depth  of p i t  c r a t e r s ,  as measured from 

p ro f i co rde r  t r a c e s  of t h e  p i t  p r o f i l e s ,  varies from about 20 

microinches ( p i t  s i z e  ca tegory  1) t o  about 300 microinches 

( p i t  s i z e  ca tegory  4 ) 0  
inches ,  appears reasonable  cons ider ing  tha t  i t  i s  t h e  volume 

Thus t h e  value of MDPmax = 8.8 micro- 

of a l l  t h e  p i t s  divided by the  t o t a l  exposed s u r f a c e  a rea .  

To determine how w e l l  t h e  weight loss equat ions f i t  

t he  a c t u a l  weight loss curves of damaged samples, cons ider  

F igu re  18, 

Curve A typ i f ies  a sample that  r e c e i v e s  s i g n i f i c a n t  

damage throughout i t s  t e s t  du ra t ion  and which i s  countable  

f o r  i t s  e n t f r e  t e s t  du ra t ion ,  Curve B i s  t y p i c a l  of a sam- 

p l e  r e c e i v i n g  more damage than  sample A,  becoming s o  damaged 

tha t  p i t  count ing  cannot be continued a f t e r  about 25 hours 

of t e s t i n g ,  Some samples fo l low curves of type B t o  s a y  

p o i n t  b ,  and then i n c r e a s e  r a p f d l y  a long  a curve as B ., t 

The va lue  of WLss = 0,38 mg, obtained from our 
max 

derived equat ion corresponds i n  proper  order  of magnitude t o  

curve A ,  b u t  no t  t o  curves B o r  B ' ,  

equa t ion  can be  used t o  d e s c r i b e  the weight loss ( f o r  o t h e r  

than q u i t e  s h o r t  t e s t s )  for only  those  samples t y p i f i e d  by  

weight loss curves similar t o  curve A .  

Thus i t  appears t ha t  the 

As mentioned above, samples which follow curve type 

B become uncountable a f t e r  about 25' hours of  t e s t i n g ,  whereas 

samples which fo l low curve type A r e t a i n  a w e l l - d e f i n e d  s u r -  
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Figure 18. Schematic drawing o f  typical actual weight- 
loee curve8 f o r  samples tested in mercurv. 
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f a c e  and edge f i n i s h ,  and can b e  p i t  counted throughout the i r  

t e s t  du ra t ion ,  i o e o 9  f o r  s e v e r a l  hundred hours. I n  genera l ,  

c m v e  type  A i s  t y p i c a l  of samples t e s t ed  i n  mercury a t  "via- 

i b l e  i n i t i a t i o n "  and " c a v i t a t i o n  t o  nose" t e s t  condi t ions ,  

and curves of type B and B a r e  t y p i c a l  of  samples t e s t e d  i n  
B 

mercury a t  "s tandard" and " c a v i t a t i o n  t o  back end" t e s t  con- 

d i t i o n s  ( s ee  s e c t i o n  1 , O  and Figure  2 f o r  d e f i n i t i o n s  of  each 

c a v i t a t i o n  c o n d i t i o n ) .  

The author  a l s o  examined p ro f i co rde r  t r a c e s ,  made 

of p i t  p r o f i l e s  of samples t e s t e d  (18) by Cramer and Walsh 

i n  water,  and found t h a t  t h e  p i t  contours a r e  s i m i l a r  t o  t h e  

p r o f i l e  of t h e  p i t s  on mercury t e s t e d  samples. S ince  a l l  

samples t e s t e d  i n  water accumulate much less  damage than  

those  t e s t e d  i n  mercury, a n d  r e t a i n  a w e l l  d e f i n e d  s u r f a c e  

and edge f i n i s h ,  i t  appears tha t  t h e  der ived equat ions can 

b e  used f o r  a l l  t e s t  condi t ions  i n  water .  

I n  summary, t h e  a p p l i c a t i o n  of t h e  der ived equa- 

t i o n s  i s  r e s t r i c t e d  t o  the  fo l lowing  cases :  

(1) Samples t e s t e d  i n  water  a t  any c a v i t a t i o n  con- 

d i t i o n  and f o r  any v e l o c i t y  and t e s t  du ra t ion  

y e t  a t t a i n e d ,  

( 2 )  Samples t e s t ed  i n  mercury a t  on ly  " v i s i b l e  i n -  

i t i a t i o n "  and " c a v i t a t i o n  t o  nose"  c a v i t a t i o n  

condi t ions  f o r  long t e s t  du ra t ion .  

( 3 )  Samples t e s t e d  i n  mercury a t  "standard" and 

" c a v i t a t i o n  t o  back end" t e s t  condi t ions  f o r  

s h o r t  i n i t i a l  t e s t  dura t ions  of approximately 

I 
I 
I 
I 
1 
I 
I 
1 
1 
1 
I 
1 
1 
I 
I 
I 
I 
I 
1 

50 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

5 hours,  i . e . ,  u n t i l  t h e  s u r f a c e  and edges can- 

not  be  wel l -def ined,  and i t  can no longer be  as- 

sumed t h a t  t h e  p i t s  do no t  s i g n i f i c a n t l y  ove r l ap ,  

Thus t h e  equat ions cannot b e  used, i n  the contex t  

of t h e  p re sen t  t e s t s ,  on ly  i n  t h e  case  of  samples t e s t e d  i n  

mercury f o r  long du ra t ions  a t  "s tandard"  and " c a v i t a t i o n  t o  

back end" t e s t  cond i t ions .  

Thus i t  i s  expected t h a t  t h e  v i s i b l e  p i t t i n g  damage 

t o  a damage specimen i s  p r o p o r t i o n a l  t o  t h e  a c t u a l  weight 

loss of t h e  damaged sample as long as t h e  sample i s  not  s o  

s e v e r e l y  damaged t h a t  i t s  su r face  a n d  edges cannot be wel l -  

d e f i n e d .  

I t  i s  a l s o  be l ieved  t h a t  f o r  t h e  heav i ly  damaged 
0 

samples, curve types B and B , t h e  p i t t i n g  i s  a l s o  d i r e c t l y  

p r o p o r t i o n a l  t o  the weight loss, b u t  t h a t  t h e  c a l c u l a t e d  V a l -  

ue of maximum weight loss w i l l  not  agree  wi th  t h e  a c t u a l  

weight loss only  because a c c u r a t e  p i t  count t a b u l a t i o n s  can- 

not  b e  obtained f o r  t h e  more heav i ly  damaged samples". 

f a c t o r s  which lead t o  i n a c c u r a t e  p i t  count t a b u l a t i o n s  on 

h e a v i l y  damaged samples a r e :  

Three 

i )  No account of  t h e  p o s s i b l e  over- lapping of  p i t s  

of s i m i l a r  s i ze ! i . e . ,  l a y e r s  of p i t s )  can b e  made .  

Figures  19 and 20 a r e  photomicrographs of l a r g e  

shallow p i t s  which show the formation of small  

%When t h e  body of damage data  a v a i l a b l e  i s  reduced, 
u s i n g  t h e  equat ions der ived i n  t h i s  r e p o r t ,  and compared t o  
t h e  measured weight losses, i t  i s  expected t h a t  more de f in -  
i t i v e  s ta tements  can b e  made i n  t h e s e  d i f f e r e n t  r ega rds .  



Figure 19. Macrograph showing small p i t s  on the  
bottom of a l a r g e  shallow c r a t e r .  
Stainless s t e e l  specimen $63. Cavi- 
t a t i o n  t o  nose. Throat veloci ty-34 
fps .  100 hours t es t  du ra t ion  i n  mer- 
cury. 30OX. 

Figure 20. Macrograph showing small p i t s  on t h e  
bottom o f  a large shallow c r a t e r .  
Same sample a s  shown i n  Figure 19. 
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ii> 

iii) 

p i t t i n g  on t h e  bottom of  t h e  l a r g e  p i t  c r a t e r s ,  

Figure 21 shows two over-lapping p i t s  of  s i m i -  

l a r  s i z e ,  

For heav i ly  damaged samples, a dark band occurs 

a long  t h e  edge of t h e  sample due t o  a "rounding" 

of t h e  edges,  Not on ly  i s  t h e  p i t t i n g  i n  th i s  

reg ion  undeterminable,  b u t  a l s o  t h e  amount of  

m a t e r i a l  removed i n  t h e  "rounding" of t h e  edges 

cannot be determined by t h e  v i s u a l  methods thus 

far  developed, F igu re  9 shows t h i s  dark band 

a long  t h e  sample edge, and Figure  22 i s  a m i -  

o rosec t ion  through a sample t h a t  shows t h e  ac- 

t u a l  rounding of t h e  edge, 

A brown smudging of t h e  pol i shed  s u r f a c e ,  which 

tends t o  obscure p i t s  making a c c u r a t e  t a b u l a t i o n s  

d i f f i c u l t ,  has a l s o  been observed on some s p e c i -  

mens i n  reg ions  of  l i g h t  c a v i t a t i o n .  The smudg- 

i n g  l a t e r  develops i n t o  colored bands, similar 

i n  appearance t o  oxide formation on s t e e l  from 

h e a t i n g ,  F igure  23b i s  a photomicrograph of  t h e  

same l o c a t i o n  as Figure  23a, b u t  was taken a f t e r  

9 a d d i t i o n a l  hours of wear, and i n d i c a t e s  how 

t h e  smudging covered and obscured t h e  p i t s  t h a t  

were v i s i b l e  i n  F igure  23a, ( A  more d e t a i l e d  

d e s c r i p t i o n  of t h e  d i s c o l o r i n g  process  i s  given 

i n  Reference 8 ) .  
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Figure 21. Macrograph showing the  over-lapping 
of two similar s ized  p i t s .  Same Sam- 
p l e  as shown i n  Figure 19 ,  except  a t  
120X. Notice how the  l a r g e  p i t  a t  
the bottom of the p i c t u r e  formed on 
t o p  of p a r t  of  a p i t  about half i t s  
s i z e .  

I t  Figure 22. MicKosection i l l u s t r a t i n g  the round- 
ing  o f  a samples edge. S t a i n l e s s  
s t e e l  specimen #26. Standard cav i t a -  
t i on .  Throat v e l o c i t y  97.2 fps .  12 
hours t e s t  du ra t ion  i n  water. Etched. 
1 ooox . 
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Figure 23. Macrographs i l l u s t r a t i n g  the "smudg- 

ing" of the pol ished su r face  of a 
t e s t  specimen. Columbium-l$Zircon- 
ium specimen #14. Standard cav i t a -  
t i o n .  Throat ve loc i ty-48  fps.  1 2 0  
X. 
mercury, (b) a f t e r  10 hours o f  test-  
ing  i n  mercury, Notice how da rk  
smudging i n  b covers and obscures 
some of the p i t s  v i s i b l e  i n  a. 

( a )  a f t e r  1 hour of t e s t i n g  i n  

55 



6.3 Discussion of Actua l  Weight Loss  Curves 

A t  t h i s  po in t  some cons idera t ion  w i l l  b e  given t o  

t h e  t y p i c a l  weight loss curves i l l u s t r a t e d  i n  Figure 18. 

d i f f e r e n c e  i n  "wear r a t e "  ind ica t ed  by curves A and B (con- 

The 

s i d e r i n g  sample m a t e r i a l  and flow r a t e  t o  be  cons tan t  f o r  a l l  

curves)  i s  explained simply by t h e  d i f f e r e n t  c a v i t a t i o n  con- 

d i t i o n s  used. 

Some samples have been observed which e x h i b i t  a 

r e l a t i v e l y  uniform wear r a t e  i l l u s t r a t e d  by curve B t o  s a y  

po in t  b ,  and then e x h i b i t  a l a r g e  i n c r e a s e  i n  wear r a t e  a f t e r  

po in t  b .  I t  i s  be l ieved  t h a t  t h i s  i s  due t o  a "grosstf  f a -  

t i g u e  type  f a i l u r e  o f  t h e  s u r f a c e  encompassing areas much 

l a r g e r  than s i n g l e  p i t s ,  from t h e  c o l l a p s e  of many c a v i t a -  

t i o n  bubbles i n  l o c a l i z e d  a r e a s .  

The s u r f a c e  f a i l u r e  i s  ascr ibed  t o  f a t i g u e  because 

t h e  sharp i n c r e a s e  i n  weight loss occurs only a f t e r  many 

hours of  t e s t i n g  a n d  i s  cha rac t e r i zed  by t h e  removal of r e l -  

a t i v e l y  l a r g e  amounts of m a t e r i a l  from t h e  sample which a r e  

much g r e a t e r  than t h e  p rev ious ly  observed p i t s .  F igu res  24 
and 25 i l l u s t r a t e  t h i s  type of "gross"  f a i l u r e .  I n c i d e n t a l l y  

t h i s  type of f a i l u r e  may be  tha t  observed by var ious previous 

i n v e s t i g a t o r s  i n  r e p o r t i n g  a c a v i t a t i o n  damage incubat ion  pe- 

r i o d .  Such an apparent  per iod would r e s u l t  from e x t r a p o l a t -  

i n g  t h e  s h a r p l y  r i s i n g  po r t ion  of t h e  curve back t o  zero  

weight loss. I f  d i r e c t  weight loss measurements on ly  were 

used, t h e  losses p r i o r  t o  "b" might not be  de t ec t ed .  

Note t h a t  b o t h  curves A and B e x h i b i t  a l a r g e  
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Figure 24. Macrograph o f  a "gross" type 
f a t i g u e  failure.  - Columbium- 
l$Zirconium specimen #2O. Cav- 
i t a t i o n  t o  nose. Throa t  ve l -  
ocity-48 fps .  50 hours t e s t  
d u r a t i o n  i n  mercury. 4X. Flow 
is from l e f t  t o  r i g h t .  

Figure 25. Macrograph of  a 1'EfI '0S81' type 
f a t i g u e  failure . - Columbium- 
l$Zirconium specimen #I. 
Standard c a v i t a t i o n .  Throat 
veloci ty-34 fps. 100 hours 
t e s t  d u r a t i o n  I n  mercury. 4X. 
Flow i s  from l e f t  t o  r i g h t .  
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"wear r a t e t t  over t h e i r  f i r s t  few hours  of  t e s t i n g  and then 

e x h i b i t  a sma l l e r ,  s t eady  "wear r a t e "  over t h e  remainder of 

t h e i r  t e s t  du ra t ion  ( u n l e s s  t he  above gross f a t i g u e  f a i l u r e  

o c c u r s ) .  The f o l l o w i n g  two explanat ions a r e  proposed f o r  

t h e  small ,  bu t  r a p i d ,  i n i t i a l  weight loss. 

1. Inclusions,  ( o r  o ther  imperfec t ions)  t h a t  a re  

a t  o r  near t h e  s u r f a c e  of a sample, can be r e =  

moved from t h e  m a t e r i a l  i n i t i a l l y  r a t h e r  eas- 

i l y  due t o  t h e  c o l l a p s e  of r e l a t i v e l y  few bub- 

b l e s  near  t h e  i n c l u s i o n ,  and show up as a l a r g e  

i n i t i a l  weight loss, followed by t h e  "normal" 

wear r a t e  of the sample material throughout t h e  

remainder of  the t e s t  du ra t ion .  

2. There may be  some e f f e c t  due t o  work-hardening 

of t h e  s u r f a c e .  Thus i n  t h e  extreme i t  might 

be  t h a t  curve B" i s  t h e  "normal" wear r a t e  of 

t h e  sample m a t e r i a l ,  and t h a t  t h e  sample i s  

l o c a l l y  surface-hardened t o  some e x t e n t  by t h e  

c a v i t a t i o n  and thus e x h i b i t s  a lower wear r a t e  

( cu rve  B" t o  B )  dur ing  t h e  remainder o f  t h e  t e s t .  

Such s u r f a c e  hardening would he lp  t o  exp la in  t h e  

l a t e r  b r i t t l e - f a t i g u e - t y p e  of f a i l u r e  t h a t  occurs 

on some samples ( cu rve  B t o  B ) .  
! 

More i n v e s t i g a t i o n  i s  c e r t a i n l y  needed t o  e s t a b l i s h  

t h e  p o s s i b l e  v a l i d i t y  of e i t h e r  of t h e  above mechanisms. 

I 
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7.0 CONCLUSIONS 

The fo l lowing  conclusions can be  drawn from t h e  

pres en  t inves t i g a t  i on  : 

(1) For a r t i f i c i a l  p i t s ,  t h e  v i s u a l  p i t  diameter 

( D p )  i s  a c t u a l l y  c l o s e l y  equal  t o  t he  d i s t a n c e  

between t h e  r i d g e  peaks (D ) of  the p i t s .  
1 

( 2 )  Metal was a c t u a l l y  removed from a l l  of t h e  cav- 

i t a t i o n  p i t s  t r aced  wi th  t h e  l i n e a r  p r o f i c o r d e r .  

( 3 )  According t o  t h e  a v a i l a b l e  evidence, m a t e r i a l  

i s  v e r t i c a l l y  d isp laced  from t h e  c r a t e r  of  a 

c a v i t a t i o n  p i t  t o  on ly  about t h e  r a d i a l  d i s -  

t ance  t h a t  appl ies  t o  an a r t i f i c i a l  p i t  c r a t e r .  

(4) The p i t t i n g  r a t e  per  u n i t  a r e a  on t h e  s i d e s  of 

a damage specimen i s  only  about 1/3 tha t  on t h e  

pol i shed  su r face .  

( 5 )  The contour of  p i t s  produced by e i t h e r  water  o r  

mercury c a v i t a t i o n  damage i s  c l o s e l y  similar.  

( 6 )  Cav i t a t ion  p i t t i n g ,  according t o  p r e s e n t  ev i -  
* dence , i s  d i r e c t l y  p r o p o r t i o n a l  t o  t he  weight 

loss of  a t e s t  sample whose shape remains well- 

*It i s  hoped tha t  an e q u a l i t y  can soon be v e r i f i e d  
by  comparison between c a l c u l a t e d  and d i r e c t l y  measured weight 
loss. A p r o p o r t i o n a l i t y  was exh ib i t ed  i n  i r r a d i a t e d  specimen 
t es ts  ( 17  2 
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defined throughout i t s  t e s t  dura t ion  (no gross  

rounding of edges o r  over- lapping of p i t s  i n  

l aye r s  of damage) 

( 7 )  The der ived equat ions a r e  a p p l i c a b l e  t o  samples 

under t h e  condi t ions  defined i n  i tem ( 6 )  above, 

( 8 )  The ma jo r i ty  of  t h e  weight loss of s e v e r l y  dam- 

aged samples i s  due t o  " layers"  of  p i t t i n g  on 

t h e  s u r f a c e s  and t o  "rounding" of t h e  samples 

edges e 

The fo l lowing  ape not  as well supported a s  those  a- 

bove9 b u t  a r e  given as p o s s i b l e  theo r fe s :  

(1) The small p i t s  ( p i t  s i z e  ca tegory  1) on samples 

t e s t e d  i n  mercury ape due t o  t h e  c o l l a p s e  of  

one s u f f i c i e n t l y  lapge o r  e n e r g e t i c  bubble.  

( 2 )  Most of t h e  l a r g e r  p i t s  ( c a t e g o r i e s  2 ,3 ,  and 4 )  
on samples t e s t e d  i n  b o t h  water  and mercury are 

due t o  l o c a l i z e d  fa t fgue- type  f a i l u r e s  ., 

( 3 )  The abrupt  change i n  weight loss t y p i f i e d  by  
1 

curve B on F igure  18 i s  due t o  a l a rge - sca l e ,  

"glaoss" type of f a t i g u e  f a i l u r e .  

( 4 )  The phenomenon of a small  b u t  r a p i d  i n i t i a l  

weight loss followed by a more gradual  wear 

r a t e  i s  due t o  e i t h e r  i n c l u s i o n s ,  o r  o the r  i m -  

p e r f e c t i o n s ,  e j e c t e d  from t h e  s u r f a c e  of t h e  

m a t e r i a l  by t h e  e a r l y  phases of  c a v i t a t i o n ,  o r  

perhaps t o  a s u r f a c e  hardening e f f e c t  of' t h e  

I 
I 
1 
I 
1 
1 
1 
I 
I 
I 
1 
I 
I 
I 
I 
I 
1 
I 
1 
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sample m a t e r i a l  as c a v i t a t i o n  proceeds. 

( 5 )  Surface  f i n i s h ,  a t  l e a s t  i n  t h e  range t e s t e d ,  

does not  seem an important parameter f o r  sen- 

s i t i v i t y  t o  damage. I n  f a c t  i n  t h e  p re sen t  

t e s t s ,  the smoother t h e  s u r f a c e  t h e  more dam- 

aged r ece ived ,  
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TAE3LE A - I  

P R O F I L E  DATA F O R  A R T I F I C I A L  PITS ON 3 0 2 - S T A I N L E S S  STEEL" 

1-1 1-13 7.126 8.500 8,333 1,169 0,980 
1-2 2-15 7,250 8,562 8.594 1.185 1,004 
3-3 3-17 7.688 9,126 9,635 1,253 1,056 
3-4 4-18 7,376 9,000 9.375 1.271 1.0 2 mISacB=; 

1-1 1-13 7,126 0.875 0.125 8.144 57.008 7.000 

3-3 3-17 7.688 1.031 0,171 T0456 440959 6.029 
1-2 2-15 7,250 0,906 0 ~ 0 9  8.002 66,513 8.311 

3-4 4-18 7.376 1.031 0,125 7,15 59.008 8 ,2  8 d '2217,488 d 
A v e r a g e  Dp/D = 4,878 / 4 = 1.22 

A v e r a g e  Dp/D9 = 4,082 / 4 = i , 0 2  5 1 

A v e r a g e  D/Hm = 30,756 / 4 = 7.689 

A v e r a g e  D/hm = 227,408 / 4 = 56,072 

A v e r a g e  H m / h ,  = 29.588 / 4 = 7.397 

TABLE A - I 1  

P R O F I L E  DATA FOR C A V I T A T I O N  PITS ON 3 0 2 - S T A I N L E S S  STEEL* 

L - Tpace 

1-10 2,25 
1-26a 6.63 
1-36 4.25 
2'-13 
2;-17 6,38 
2 . ~ 3 1  10,s 

0844 1800 45 2.5 
,874 19,1  1326 69,4 
.800 19.7 170 8.6 
.78O 42.8 1550 36.2 

1,010 33,4 188 5.6 
46.1 1313 28,O a 

A v e r a g e  Lp/L = 5,122 / 6 f 0,853 

K p  = L/Lp = 1 / 0,853 = 1.172 

* A l l  d i m e n s i o n s  a re  i n  m i l s .  
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TABLE A - 1 1 1  

P i t  
- 
#1 

#2 

#3 

DATA FOR RIDGE & CRATER VOLUMES OF 14 CAVITATION PITS 
FROM PROFICORDER TRACES OF STAINLESS STEEL SAMPLE #63 

Trace Planimeter" Area x109in? Mean Areas Vol. x10 12 in .  3 
"R aC aR aC aR aC R vC V - 

1-4 0 0 0 0 
15.0 0 15.0 0 

1-5 7.5 0 30.0 0 

1-6 2.8 1.4 11.2 5.6 
20.6 2.8 20.6 2.0 

28.6 108.0 28.6 108.8 
1-7 11.5 53.0 46.0 212.0 

1-8 8.2 2.5 32.8 10.0 
39.4 111.0 39.4 111.0 

25.0 5.0 25.0 5.0 
1-9 4.3 0 17.2 0 

1-10 0 0 0 0 
0 - 8.6 0 8.6 

137.2 227.6 

1-6 0 

1-7 1.6 

1-8 1.9 

1-9 18.2 

1-10 17.3 

1-11 15.9 
1-12 4.5 
1-13 0 

1-21 0 

0 0 

0 6.4 

2.3 7.6 

55.5 72.8 

28.0 69.2 

0 63.6 

0 18.0 

0 0 

0 0 

0 

0 

9.2 

222 . 0 

115.2 
0 

0 

0 

3.2 0 3.2 

7.0 4.6 7.0 

40.2 115.6 40.2 

71.0 168.6 71.0 

66.4 57.6 66.4 

40.8 0 40.8 

9.0 0 9.0 

237.6 

0 
2.2 0 2.2 

0 

4.6 

115.6 

168 . 6 

57.6 

0 

0 - 
346.4 

0 
1-22 1.1 0 4.4 0 

4.8 20.6 4.8 20.6 
1-23 1.3 10.3 5.2 41.2 

4.8 52.6 4.0 52.6 
1-24 1.1 16.0 4.4 64.0 

6.4 54.4 6.4 54.4 

%See page 7 1  f o r  planimeter c a l i b r a t i o n .  
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1 
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I 
I 
I 
I 
I 
I 
1 
I 
I 
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1-2% 2.1 

1-26a 0 

#4 1-21 0 

1-22 2.2 

1-23 202 

1-24 2.3 
1-25a 4*5 
1-26a 5.6 

1-27a 33.2 

1-28a 69.3 

1-29 42.3 
1-30 15.5 

1-31 11.3 

1-32 7.8 

1-33 0 

#5 1-28a 0 

1-29 9.1 
1-30 12.4 

1-31 16.8 

1-32 19.4 

1-33 17.1 
1-34 16.8 

1-35 18.0 

T A B U  A-III(continued) 

11.2 

0 

0 

0 

0 

40.8 

7804 

293 .4 

4.2 22.4 4.2 22.4 

22.4 150.0 

0.4 44.8 
0 0 

0 0 
4.4 0 4.4 8.8 0 

0 

8.8 0 8.8 0 

9.0 81,6 9.0 81.6 

13.6 238.4 13.6 238.4 

808 0 

9.2 1.63.2 

18.0 313.6 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

24.9 

130.4 
160 . 0 

77.6 879.4 77.6 
205.0 338.2 205.0 

223.2 45,6 223.2 

146.3 132.8 585.2 

22.8 277.2 91,2 
169 . 2 0 

743 . 6 
879.4 

45.6 

338.2 

115.6 0 115,6 0 

38.2 0 38.2 0 

15.6 0 15.6 0 
31. 2 0 

0 0 
784,8 2,326.8 

0 

0 
18.2 

72@4 
0 

99.6 

521.6 

640.0 

73.0 
67.8 

69.6 

110.6 

0 

0 

0 

0 

49,8 

310.6 

580.8 
SL6-L 

- I  - 8  - I - -  I 
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TAI3U A-III(continued) 
I 1-36 

1-37 
1-38 

1-39 
1-40 

#6 1-29 

1-30 

1-31 

1-32 

1-33 

1-34 
1-35 

#7 2-3 

2-4 
2-5 

2-6 

2-7 

#8 2 ' -2  

2'-3 

2'-4 
2% 

2'-6 

0 0 0 0 
5.0 0 5.0 

0 10 0 
0 700 

205 
7.0 

0 100 0 4-00 
5.6 6.0 5.6 
3.6 27.8 3.6 

1.8 3.0 702 12 

10.9 0 4306 

8.0 

0 

2.0 
0 4.0 21.8 4.0 

0 
0 0 0 0 4.0 0 k00 

29,2 

0 0 0 0 
0 1.8 0 

0 

1.6 
0 

0 

0.9 

502 

0 

0 

0 

6.4 
0 

0 

3.4 
20.8 

0 

0 

12.2 

10.4 

0 

0 0 0 0 

80.2 685.8 80.2 

16102 967.8 161.2 
25.8 2 5 ~ ~ 5  103.2 1010.0 
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1 
1 
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TABLE A-III(cont1nued) 

2'07 54.8 231.4 219.2 925.6 

2'-8 31.7 42.5 126.8 570.0 
173.0 747.8 173.0 747.8 

143.4 37z02 143.4 372.2 

142.2 87.2 4 2 . 2  87.2 

88.2 O 88.2 0 

26.0 0 26.0 0 

2'-9 40.0 43.6 160.0 174.4 

2'-10 31.1 0 124.4 0 

2 '011 13.0 0 52.0 0 

2'-12 0 0 0 0 
970.8 3,118.8 

#9 2'99 0 0 0 0 

2 ' 4 1  0 0 0 0 

200 8.8 2.0 8.8 

2.0 
2'-10 1.0 4.4 4.0 17,6 

808 8.8 - 2.0 - 
4.0 17.6 

#lO 2 ' 4 0  0 0 0 0 
12.6 31.8 12.6 31.8 

12.6 82.2 12.6 82.2 

2.0 54.4 2.0 54.4 
2.0 7.6 2.0 7.6 

2'-11 6.3 15.9 25.2 63.6 

2 ' 4 2  0 25.2 0 10008 

2'-13 1.0 2.0 4.0 8.0 

2 ' - 4  o 1.8 0 702 
0 3.6 - 0 3.6 2 ' 45  0 0 0 0 

29.2 179.6 

#11 2 ' 4 0  0 

2'011 0 
1 

2 -12 8.9 

2l-13 10.1 

2 ' - 4  10.1 

2% 7.5 

2'016 3.5 
2'017 0 

69 

0 0.6 0 0.6 

17.8 78.6 17.8 78.6 

38.0 366.6 38.0 366.6 

40.4 585.0 40.4 585.0 
35.2 316.8 35.2 316.8 

22.0 20.4 22.0 20.4 

7.0 0 7.0 0 

160.4 1,368.0 



TABLE A-III(continued) 

#12 2I-14 0 

2'45 7.7 
2'-i6 3.8 

2I-17 20.2 

2'-18 32.2 

2'-19 33.7 

2'-20 43.3 

2I-21 29.1 

2'-22 15.3 

2'-23 2,s 
2'-24 0 

#i3 2'-24 o 
2'-25 0 

2'026 0 

2'027 0 

2'-28 7 . 7 
2'-29 27.3 

2'030 51.3 

2'-31 24.6 

~'-32 24.6 

2'-33 11.3 

2I-34 9.3 

2I-35 21.2 

2I-36 17.3 

0 0 

30.1 30.8 

162,s 15.2 

162.3 8008 

88.4 128.8 

17.8 134.8 

0 173.2 
0 116.4 

0 61.2 

0 10.0 

0 
15.4 
23.0 

120.4 

650 . 0 
649 . 2 4300 

104.8 
353 0 6 

131 . 8 
7L2 

154 0 
0 

144.8 . .  
0 

88,8 
0 

0 
35.6 

60.2 15.4 
385.2 23.0 

649.6 43.0 
501.4 104.8 
212.4 131.8 

0 144.8 
0 88.8 

0 35.6 

35.6 154.0 

60.2 

385.2 
649 . 6 
501.4 
212.4 

35.6 
0 

0 

0 

0 0 0 
0 3.2 0 

0 38.4 0 

0 105.2 0 

106 0 6 84 
17.6 0 70.4 

35.0 o 140.0 
15.4 242.6 15.4 
70.0 545.8 70.0 

157.2 924.6 157,2 

86.3 30.8 345.2 

186.6 109.2 746.4 
- .  - .  

275.7 205.2 1102~8 
151.8 1236.4 1 5 ~ 8  

342.5 98.4 1370.0 
357.3 98.4 1429.2 

344.4 45.2 1377.6 
349.4 37.2 1397.6 

98.4 1399.6 98.4 

71.8 1403.4 71.8 

41.2 1387.6 41.2 

61,O 1336.6 61.0 _ _  
318.9 84,8 1275.6 

77.0 1202.8 77.0 
282.5 69.2 1130.0 

62.8 1011.0 62.8 

302 

38.4 

105 0 2 

242.6 

545 8 
924.6 

1236.4 

1399 . 6 
1403.4 

1387.6 

1336.6 
1202.8 

1011.0 

I 
1 
1 
1 
1 
1 
1 
I 
I 
1 
1 
1 
1 
1 
1 
1 
I 
1 
1 
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TABLE A-III(cont inued)  

2'-37 4.1 223,O 56.4 892.0 

2'-38 5.4 186.0 21,6 744.0 
39.0 818.0 39.0 818.0 

22.2 682,O 22.2 682.0 
2'-39 
2'-40 

2'-41 

5.7 

4.7 
9.9 

22,8 
18.8 

39.6 

620.0 

508 . 8 
420.8 

20.8 

29.2 

19.8 

564,4 20.8 564.4 
464.8 29.-2 464.8 

C a l i b r a t i o n  of  Planimeter  

a )  For all p r o f i c o r d e r  t races  the  scales were: 

Actua l  area = loo5 x 25 x lo-' = 2.5 x 
i )  hor i zon ta l :  0,001 inches / d i v i s i o n  

ii) v e r t i c a l :  25 mic oinches / d v i s i o n  
sq. 

b )  Planimeter  u n i t s  t o  t r a v e r s e  20 squares  on p ro f i co rde r  
paper a 

i)  7 runs:  126, 126, 125, 125, 124, 126, 125 
ii) average: 877 / 7 x 20 6.26 u n i t s  / sq. 

c )  Conversion scale  f o r  p l an ime te r ,  
Conversion f a c t o r  = (Z05 x 10 
Conversion f a c t o r  = ~1.0 x 

-0 2 
i n e /  sqo)/(6,26 uni t s / sq . )  

pe r  p lan imeter  u n i t  



TABLE A-IV 

j+PSC means P i t  ize Category 
),- rrwK ., = 0,621 vL/DP 3 

72 

DETERMINATION OF vL AND K FOR 
THE 14 CAVITATION PITS TRACED 

v =v -v  ~ 3 p  vRx1~3 V p o  3 
L C R ~ % - 3 + ~ 1 0 3  P f t  Dp 

No. m i l s  m i l s 3  m i l s 3  mils m i l s  x10 3 'RIVC 3 3 
p s p  

- -- 

2 #7 1035 2,461 6.4 24.4 .262 18.0 4.542 
2 #3 1/25 7,416 22.4 150.0 ,149 127.6 10.684 

2 #1 2 , l  9 ,261 137.2 227,6 ,602 90.4 6.061 

2 #lO 2 , l  9 ,261  29.2 179,6 ,162 150.4 10,085 

2 #2 2,7  19,,683 237.6 346.4 .685 108.8 3.432 
3 #s 4.2 7h0088 728,O 1,859,6 ,391  1,131.6 9.484 

3 #4 4,3 79.507 784J3 2 , 3 2 0  ,337 1,542,o 12,043 

3 #12 4.85 114.086 7 4 6 2  ~ 8 4 4 ~ 4  .404 1,098.2 5.977 

4 #8 6.7 300.763 970.8 3,118.8 .m 2,148.0 4,435 
4 #13 n03 1092.727 937.6 13,576.8 .069 1 2 , 6 3 9 2  7.182 

4 0 592 102,856 

3 #11 4.75 107.174 160.4 1,368.0 .117 1,207.6 6.997 

3 #Q 5.0  125.000 37k04 1,033,2 .362 658.8 3,272 

Average vR/vc = 4.592 / 14 = 0,328 

I 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 



TABLE A-V 

PIT COUNT DATA FOR RMS & RMC CONSTANTS 

g- PIT SIZE RANGE4*" XUMRER OF PITS ON POLISHED SURFAC- 
- psc UNITS MILS #49 #SO #63 #64 #61 #68 #22 #23 TOTAL 

1 1-2,,5 0.46- 1,15 150 200 125 175 600 500 4-00 500 
2 2.5-4 1.15- 1,84 22 8 19 6 29 30 5 3 
2 4-5 1.84- 2.;0 2 4 2 8 9 1 2  
2 5-6 2030- 2076 2 5 0 6 3 2 1 
3 6-7 2.76- 3022 3 2 6 3 5 4 0 O 
3 7-8 3.22- 3.68 2 2 2 4 1 3 1 O 
3 8-9 3.,&8- 4.14 O O 4 6 2 2 1 0 
3 9-10 4.14- 4.60 1 0 1 4 1 1 0 1 
3 10-11 4.60- 5,06 1 0 5 1 3 1 0 0 
3 11-12 5,06- 5.52 1 1 4 3 1 3 0 1 

4 13-14 5,98- 6.44 1 0 2 1 0 1 1 0 

4 15-16 6.90- T036 0 1 0 1 0 0 0 0 

4 12-13 5.52- 5.98 1 o 1 1 2 1 o o 
4 14-15 6.44- 6,90 0 0 1 2 2 0 0 0 

4 17-18 7.82- 8,28 0 0 0 1 0 0 0 0 
4 16-17 7.36- 7082 0 0 0 1 0 0 O O 

4 18-19 8,28- 8.74 O 0 0 0 O O O O 
4 19-20 8,74- 9,20 0 0 0 0 0 0 0 0 
4 20-21 9.20- 9,66 0 0 0 0 1 0 0 0 
4 21-22 9,66-10012 0 0 0 0 0 0 0 0 
4 22-23 10,12-10,~8 0 0 1 0 0 0 0 0 
4 23-24 10058-11004 O 0 O O O O O O 

I, 

2650 
122 

30 
24 
23 
15 
15 
9 

11 
4 
6 

; 
2 
1 
1 
0 
0 
1 
0 
0 
0 

*PSC means P i t  S i z e  Category 
-:*%One u n i t  corresponds t o  one d i v i s i o n  on the scaled 

microscope eyepiece used t o  observe test samples . 
-:t.sw:-Samples 49, 50 ,  63, & 64 are  stainless s t e e l ,  

Samples 6 1  & 68 are carbon steel. 
Samples 22 & 23 a r e  columblum-l$ zirconium. 
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PIT SIZE 

TABLE A-VI  

EXPANDED DATA FOR RMS & RMC CONSTANTS 
3 
Pav 

ntD n t D  2 D3 
Pav Pav 

n t  D D2 
Pav  Pav  

RANGE(mi1s) - PITS mils m i l s 2  m i l s 2  m i l s 3  mils3 

0,46- 1,15 2650 0,805 0,6480 1717,2000 0,5216 1382,2400 

5052- 5.98 
5,98- 6.44 
6.44- 6.90 
6,90- 7.36 
7.36- 7082 

8,28- 8.74 
8.74- 9.20 
9.20- 9066 
9 . 66-10 12 

10 58-11 e 04 

~ 8 2 -  8.28 

10.12-10~58 

122 1,495 2.2350 272.6700 3,3413 407,6386 
30 2.07 L.281s9 128.5L70 8.8697 266,0910 

2 s;j 6.4009 153 62i6 16 1943 388 ., 6632 m 1062,3928 

23 2,99 8,9401 205.6223 26.7309 614,8107 
15 3.45 11,9025 178,5375 41,0636 615,9540 
15 3,91 15,2881 229.3215 59.7765 896,6 75 
11 4,83 23.3289 256,6179 112,6786 1239,4646 
9 4,37 19,0969 171,8721 83,4535 7 5 ~ 0  8 15 

6 5 o 75 33 0625 198 e 3750 190 1094 1 4 0  ., 6564 
6 6.21 38.56 1 231,3846 239,4831 1436.8986 
5 6.67 44.88189 222.4445; 296 e 7410 1483 7050 
2 7,13 50. 369 101,6738 362,4671 724,9342 
1 T059 57e6081 57,6081 437,2455 437.2455 
1 8,05 64,8025 64,8025 521,6601 521,6601 
0 8,51 72,4201 0 616.2951 0 
0 8.97 80.4609 0 721.7343 0 
1 9, 3 88,9249 88,9249 838,5618 838.5618 
0 9. '8 9 97,8121 0 967 3617 0 
1 10,35 107,1225 107.1225 1108,7179 1108,7179 
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TABLE A - V I 1  

DETERMINATION OF RMS & RMC CONSTANTS 
3 

X n ’ D  s i  DRMS i ci DRMCi i Pav4 
2 

PSC“ In; x n l D p a v 4  

1 2650 1717,2000 1382.2400 0,6480 0.805 0.5216 0.805 

2 176 554.8386 1062.3928 3.1525 1.776 6.0363 1,821 

The RMS and  RMC cons tan ts  a r e  d e f i n e d  as fo l lows  

(where i corresponds t o  t h e  p i t  s i z e  categories 1,2,3,4): 

0 333 

0 500 

3:-PSC means P i t  Size Category, 

75 



TABLE A - V I 1 1  

PIT COUNT DATA TO DETERMINE 

PIT SIZE FLUID 
CATEGORY 

1 Hg 

H2O 

2 H g  

H 2 0  

3 H43 

H2° 

4 H g  

H 2 0  

SAMPLE 
NUMBER 

SS- 78 
ss-112 

T o t a l  
ss- 4 
ss- 5 

SS- 63 
SS- 64 

ss- 4 
ss- 5 

T o t a l  

T o t a l  

T o t a l  

SS- 63 
SS- 64 

ss- 4 
ss- 5 

SS- 63 
SS- 64 

ss- 4 
ss- 5 

Tot e t 1  

Tota l  

T o t a l  

T o t a l  

NUMBER OF PITS 
SURFACE 

800 

1200 
400 

400 

#E 
x 

167 
75 

110 
185 
31 
29 
60 
17 
18 
35 

27 
26 
53 
10 
13 
23 

S I D E S  

2300 
1600 
3900 

790 
670 

1460 

260 
330 
590 
136 
112 
248 

85 
71 
156 

67 
33 

100 

35 
76 

111 
39 

bo’ 

K+ 
S 
SIDES 

SURFACE 

3 250 

1.659 

30532 

1 . 340 

2 600 

2 . 857 

2,094 

3.478 

*Tes t  d u r a t i o n s :  SS 78 & 112-10 hrs.; SS 63 & 64- 
100 bra.; ss 3 & 4-1-50 h r ~ .  

1 
I 
1 
1 
1 
I 
1 
I 
1 
1 
1 
1 
I 
I 
I 
1 
I 
I 
1 
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